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Abstract
Due to physical limitations of the currently used flash memory in terms of writing speed
and scalability, new concepts for data storage attract great interest. A possible alterna-
tive with promising characteristics are so-called "Resistive Random Access Memories"
(ReRAM). These memory devices are based on the resistive switching effect where the
electrical resistance of a metal-insulator-metal (MIM) structure can be switched re-
versibly by a current or voltage pulse. Although this effect attracted wide scientific as
well as commercial interest, up to now the it is not fully understood on a microscopic
scale.
Consequently, in this work the chemical and physical modifications caused by the re-
sistive switching process are studied by spectroscopic techniques. As most switching
models predict a strongly localized rather than a homogeneous effect, advanced micro-
spectroscopy techniques are employed where additionally the lateral structure of the
sample is imaged. In this work Fe-doped SrTiO3 films are used as model material due
to the thorough understanding of their defect chemistry. The epitaxial thin films are
prepared by pulsed laser deposition.
In a first approach, transmission X-ray microscopy is employed to study the bulk prop-
erties of ReRAM devices. At first, a new procedure for sample preparation based on
a selective etching process is developed in order to realize photon-transparent samples.
Investigations of switched devices reveal a significant contribution of Ti3+ states within
growth defects. In contrast to the indirect evidence in previous studies, this observa-
tion directly confirms that the resistance change is based on a local redox-process. The
localization of the switching process within the growth defects is explained by a self-
accelerating process due to Joule heating within the pre-reduced defects.
In a second approach, after removal of the top electrode the chemical and electronic
structure of the former interface between the oxide film and the electrode is investigated
by photoemission electron microscopy. Within this work devices with different thick-
ness of the oxide layer are studied. While the results for thicker films can be explained
by a localization of the switching effect within growth defects, for films with a lower
oxide thickness we observe a considerable modification of the chemical structure up to
phase formation on an extended lateral scale. In particular, we detect the formation
of a new, Sr-rich phase which can be modeled by a special Ruddlesden-Popper phase
using ab-initio theory. While most switching models assume only the diffusion of oxygen
vacancies, our experiments clearly reveal that (at least) during forming diffusion is also




Aufgrund der physikalischen Limitierungen der derzeit gängigen Flash Speicher in Bezug
auf Schreibgeschwindigkeit und Skalierbarkeit, besteht aktuell großes Interesse an neuar-
tigen Konzepten zur Datenspeicherung. Eine mögliche Alternative mit vielversprechen-
den Eigenschaften bieten sogenannte "Resistive Random Access Memories"(ReRAM).
Diese Speicher basieren auf dem Effekt des resistiven Schaltens bei dem der elektrische
Widerstand einer Metal-Isolator-Metal (MIM) Struktur durch Anlegen von Strom- oder
Spannungspulsen reversibel geschaltet werden kann. Trotz großem wissenschaftlichem
aber auch kommerziellem Interesse ist der Effekt des resistiven Schaltens auf mikrosko-
pischer Ebene bisher nicht vollständig verstanden.
In dieser Arbeit sollen daher die chemischen und physikalischen Änderungen während des
Schaltens durch spektroskopische Methoden näher untersucht werden. Da die meisten
Modelle nicht von einem flächigen sondern einem stark lokalisierten Prozess ausgehen,
werden dabei Methoden der Mikro-Spektroskopie eingesetzt, bei denen auch die latera-
le Struktur der Probe abgebildet wird. Aufgrund der sehr gut bekannten Defektchemie
wird Fe-dotiertes SrTiO3 als Modellsystem verwendet. Zur Herstellung der epitaktischen
Dünnschichten wird gepulste Laserdeposition eingesetzt.
In einem ersten Ansatz werden die geschalteten MIM-Strukturen mit Transmissions-
Röntgenmikroskopie untersucht. Basierend auf einem selektiven Ätzprozess wird dazu
zunächst eine Probenpräparationsmethode entwickelt, um photonentransparente Proben
zu realisieren. Untersuchungen der geschalteten MIM-Strukturen zeigen einen deutlichen
Anteil von Ti3+ Zuständen innerhalb von Wachstumsdefekten. Dies bestätigt auf direk-
te Weise die bisher nur indirekt abgeleitete Vermutung, dass die Widerstandsänderung
auf einen lokalen Redoxprozess zurückzuführen ist. Die Lokalisierung des Schalteffekts
in den Wachstumsdefekten wird durch einen selbstverstärkenden Prozess aufgrund von
Joulescher Erwärmung innerhalb der vorreduzierten Defekte erklärt.
In einem zweiten Ansatz wird mithilfe von Photoemissionselektronenmikroskopie nach
Ablösen der oberen Elektrode die chemische und elektronische Struktur der früheren
Grenzfläche zwischen Film und Elektrode untersucht. Im Zuge dieser Studie werden
MIM-Strukturen mit unterschiedlicher Dicke der Oxidschicht verglichen. Während die
Ergebnisse für dicke Schichten durch eine Lokalisierung des Schalteffekts in Wachstums-
defekten erklärt werden können, beobachtet man für dünnere Oxidfilme eine deutliche
Veränderung der chemischen Struktur bis hin zur Phasenbildung mit größerer lateraler
Ausdehnung. Insbesondere wird die Bildung einer neuen Sr-reichen Phase beobachtet,
die mit ab-initio Methoden durch eine spezielle Ruddlesden-Popper Phase modelliert
werden kann. Während die meisten Modelle für das Schalten nur von einer Diffusion
der Sauerstoff Leerstellen ausgehen, zeigen unsere Experimente deutlich, dass zumindest
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In the last years novel data storage concepts gained a lot of interest due to the con-
tinuing demand of the semiconductor industry for further miniaturization of memory
technology. One of the most promising candidates for future memory applications are
resistive random access memories (ReRAM) [15]. A ReRAM device is based on the
so-called resistive switching effect which describes a reversible change of the electrical
resistance of a metal-insulator-metal (MIM) structure induced by a voltage or current
pulse. It has been shown that ReRAM devices exhibit many appealing characteristics.
Firstly, the resistive switching effect is extremely localized which allows to push the scal-
ing limit into the nm-regime [6]. Moreover, ReRAM devices have been shown to combine
a non-volatile switching with very short read/write times [7]. Finally, ReRAM received
additional interest due to the capability of multi-level switching and the possibility to
implement the simple two-terminal devices in matrix-structures [8, 9]. The major ob-
stacle of a further implementation of ReRAM devices in semiconductor industry is the
lack of a detailed understanding of the microscopic mechanism resulting in the resistance
change [4]. The situation is complicated by the fact that the resistive switching effect
has been observed in a variety of different materials and it can be based on different
physical mechanisms [1].
Within this thesis the resistive switching based on the so-called valence change mecha-
nism (VCM) is studied. The VCM mechanism is typically observed in MIM structures
including transition metal oxides as for example TiO2, TaO2, HfO2 or SrTiO3 [1]. Dur-
ing the last years it has become widely accepted that the resistance change in VCM
systems is based on a diffusion of oxygen vacancies and an associated valence change of
the transition metal cation. While these models can explain the macroscopic switching
behavior, the microscopic details are not yet understood.
In order to verify the switching models and to investigate the microscopic details of the
VCM switching, it is desirable to directly monitor the valence change of the transition
metal cation. In general, this can be achieved by core level spectroscopy as for exam-
ple X-ray photoelectron spectroscopy (XPS) or X-ray absorption spectroscopy (XAS).
These element-sensitive techniques can be employed to probe the electronic structure
of a given material and to detect modifications of the oxidation state. However, the
typical probing area of these techniques is in the range of at least several 100µm and
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thus considerably larger than the usual device structures. Therefore, it is not possible
to study a single ReRAM device with conventional spectroscopy. Nevertheless, X-ray
photoelectron spectroscopy was successfully performed on arrays including many devices
in the same resistance state [1012]. Although these experiments give some insight into
the physical mechanism of VCM switching they often suffer from a large background
contribution from unchanged regions and are not suited to study the microscopic details
with spatial resolution.
However, during the recent years the continuing progress in instrumentation resulted
in the development of advanced characterization techniques which are suited to tackle
the challenge to observe the localized valence change in a ReRAM device. These tech-
niques have been referred to as micro-spectroscopy because they combine microscopy
and spectroscopy in order to realize core level spectroscopy with a lateral resolution
below 100nm. Although micro-spectroscopy is thus an ideal tool to study the micro-
scopic details of the resistive switching effects in VCM materials, up to now only few
groups worldwide performed such experiments [1317]. Within this thesis the resistive
switching effect in epitaxial SrTiO3 has been studied by means of transmission X-ray
microscopy (TXM) and photoemission electron microscopy (PEEM). These techniques
can provide complementary information as TXM is based on the imaging of photons and
can therefore probe a complete MIM structure, while PEEM is a very surface sensitive
technique due to the detection of electrons.
For this project epitaxial Fe-doped SrTiO3 thin films have been selected as a model
material. The films are produced by pulsed laser deposition (PLD), which allows to grow
epitaxial thin films with high crystal quality and offers a good control over the defect
structure and film stoichiometry. At the same time the defect chemistry for SrTiO3 is well
understood [18] and offers a good starting point to explain the processes during resistive
switching. While deliberate Fe-doping is an established technique to outweigh unknown
background doping, within this work it was mainly introduced because the oxidation
state of the Fe dopant can be used as a tracer to monitor minor variations in the oxygen
vacancy concentration within the film [15, 16, 19].
In chapter 2 the fundamentals of the model system Fe:SrTiO3 and the resistive switching
effect are presented in more detail, followed by a short introduction to the X-ray absorp-
tion signature of Fe:SrTiO3. Chapter 3 contains an overview over the sample preparation
and the analysis techniques used within this thesis.
In order to achieve a good understanding of the chemical modifications upon resistive
switching a thorough characterization of the as-grown films is necessary. Consequently,
the main part of this thesis starts with a detailed spectroscopic study on Fe:SrTiO3 films
with different cation ratio in chapter 4. Within this investigation, we especially focused
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on the incorporation of Fe into the SrTiO3 lattice. The Fe oxidation state is probed by X-
ray absorption spectroscopy whereas the Fe originating contributions to the valence band
are determined by resonant photoelectron spectroscopy.
Chapter 5 is mainly dedicated to our TXM experiments on resistive switching MIM
structures. Two different approaches were chosen to achieve photon-transparent sam-
ples suited for the experiments in transmission geometry. On the one hand, sputter-
deposited films on thin membranes are studied to establish TXM measurements on
ReRAM devices. At the same time, a complex sample preparation route is developed
to realize a final sample thickness below 100nm for epitaxial films grown on a bulk
substrate. Subsequently, local variations of the Ti valence correlated to the resistive
switching effect can be detected by measurements of the Ti absorption within the TXM
setup.
In chapter 6 we concentrate on the characterization of ReRAM devices by PEEM. After
removal of the top electrode this surface sensitive technique is highly suited to study
the former interface between film and top electrode which is often regarded as relevant
region for the switching process. Thereby, the SrTiO3 thickness is systematically varied
in order to study the influence of the oxide thickness on the electrical behavior as well
as the chemical modifications on a microscopic scale.




In this chapter the fundamental properties of (Fe-doped) SrTiO3 will be presented.
Afterwards the effect of resistive switching is introduced with a focus on the valence
change mechanism in SrTiO3. Finally, the general X-ray absorption features studied
within this thesis are presented.
2.1 Fundamentals of SrTiO3
Crystal and electronic structure
At room temperature SrTiO3 exhibits an ideal cubic perovskite structure as displayed in
Fig. 2.1 (a) with a lattice constant a = 3.905Å [20]. The Ti-ion in the center of the unit
cell is 6-fold oxygen coordinated, the Sr ions at the corner of the unit cell are 12-fold
oxygen coordinated. In total the structure can be described by corner-sharing TiO6
octahedra with Sr-ions in the interstices. In the 001 direction of the crystal this results
in alternating layers of SrO and TiO2.
In a strictly ionic picture the valence electrons of the Ti3d and Sr5s orbitals are fully
transferred into the O2p orbital and the nominal oxidation states of the ions are Ti4+,
Sr2+ and O2−. This results in a valence band made up of O2p states and a conduc-
tion band due to empty Ti3d and Sr5s states. However, especially the Ti-O bond
reveals a significant covalent contribution. Thus the electronic structure should rather
be described by hybridized bands with mixed character. The site projected density of
states can be calculated by density functional theory within the local-density approxi-
mation [2123]. As visible from Fig. 2.1 (b) the main contribution to the valence band
are oxygen derived states, but with a considerable admixture of metal states. On the
other hand a minor contribution of empty oxygen states is also found in the conduction
band.
The experimentally found band gap for stoichiometric SrTiO3 is 3.2 eV [24]. In the
ideal case of undoped SrTiO3 the Fermi energy is situated in the middle of the band








Fig. 2.1: (a) Cubic perovskite structure of SrTiO3. (b) Site projected density of states of
SrTiO3 calculated by de Groot et al. [21].
cies, which are of high relevance as they influence the electronic behavior drastically.
Theoretical calculations demonstrate that cation vacancies in SrTiO3 act as acceptors
whereas oxygen vacancies are shallow donors [25]. For denomination of defects the
Kröger-Vink notation will be used throughout this thesis [26]. AB denotes an atom A
on site B, while VB denotes a vacancy on site B. Additionally, a superscript is used to
indicate the relative charge of the defect compared to the perfect crystal with dots (·)
and bars (') indicating positive and negative charge respectively (x denotes a neutral
defect). For example oxygen vacancies with double positive charge are therefore written
as V ··O .
Fe doping
Apart from intrinsic defects extrinsic doping plays an important role for the character-
istics of SrTiO3. In this thesis deliberately Fe-doped SrTiO3 is employed rather than
undoped SrTiO3. Deliberate doping is an established method to suppress the influ-
ence of any unknown background doping always present even in nominally undoped
SrTiO3. Based on the comparison of the ionic radii it is well established in literature
that the Fe ion is thereby incorporated into the SrTiO3 lattice at the titanium site
[18, 27].
The majority of studies on Fe:SrTiO3 has been performed either on single crystals or on
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polycrystalline ceramic samples. The different preparation techniques result in a con-
siderably different solubility of Fe in SrTiO3. Color variations in single crystals indicate
that growth of homogeneous Fe:SrTiO3 crystals is only achieved for concentrations below
0.5%Fe [28]. In contrast, the complete continuous solid solution series SrFexTi1−xO3−δ
(x=0...1) was successfully synthesized in polycrystalline bulk samples [18, 24, 29]. In
this work epitaxial Fe-doped SrTiO3 thin films have been grown by PLD with doping
concentrations up to 5%Fe. For such films a TEM/EELS study revealed a slightly modu-
lated distribution of Fe within the film volume (see Fig. 2.2 (b)). However, the perovskite
structure is strictly maintained, which proves the desired incorporation of the Fe atoms



















Fig. 2.2: (a) High resolution TEM reveals a perfect perovskite structure for a Fe:SrTiO3
thin film grown by PLD. (b) The line profile of the Fe L2,3 EELS intensity reveals a
modulation of the Fe concentration throughout the film. (Measurements performed by H.
Du.)
Apart from the overcompensation of any unknown background doping deliberate dop-
ing can also be useful for the characterization of a given sample. In several studies
transition metal ions have been successfully used as tracer for the oxygen vacancy con-
centration in SrTiO3 [15, 16, 19]. This effect is based on the preferred reduction of the
dopant as well as its low concentration and will be discussed in more detail in chapter
4.3.
Defect chemistry
For small defect concentrations the interplay of the intrinsic defects with the surrounding
atmosphere as well as extrinsic doping in SrTiO3 can usually be described very accurately
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by defect chemistry [18]. Below the most important equations and findings from defect
chemistry will be presented for Fe-doped SrTiO3.
Within the temperature regime relevant for this work (below 1250K) the cation sub-
lattice of SrTiO3 is typically considered to be inactive [18]. In contrast, the creation of
oxygen vacancies via exchange with the surrounding atmosphere according to equation
(1) is activated at temperatures above 700K. Moreover the ionization of the dopant
(see equation (2)) and the band gap excitation (see equation (3)) are possible reac-
tions.
OO 
 V ··O + 12O2 + 2e
′ (1)
FexT i 
 Fe′T i + h· (2)
0
 e′ + h· (3)
In order to guarantee an overall charge neutrality the concentration of the defects (in
square brackets) has to fulfill the following equation:
2[V ··O ] + [h
·] = [Fe′T i] + [e
′] (4)
Together with the iron mass balance and the mass-action law this equations provide
a sufficient basis to fully describe the system within point defect chemistry. Under
equilibrium conditions the Fe dopant displays a mixture of Fe3+ (i.e. Fe′Ti) and Fe
4+
(FexT i) oxidation states where the Fe
3+/Fe4+ ratio is determined by the temperature
and the oxygen partial pressure [18, 30]. At extreme conditions such as high oxygen
partial pressure and high temperatures the charge of the Fe3+ ions can be compensated
by electron holes h· in the valence band. However, due to the large band gap of SrTiO3
creation of electron holes via the band gap excitation can be neglected at intermediate
oxygen partial pressures and temperatures. Therefore the charge imbalance due to the
Fe3+ ions is compensated by the creation of oxygen vacancies and the charge neutrality
condition (4) can be rewritten as
2[V ··O ] = [Fe
′
T i] (5)
Consequently, according to defect chemistry the oxygen vacancy concentration in Fe-
doped SrTiO3 is pinned to a value of half the doping concentration over a wide range of
oxygen partial pressure.
While defect chemistry is very successful to describe many experimental data for bulk
SrTiO3 under equilibrium conditions, it is important to recognize its limitations. In
particular all considerations are based on the assumption of a homogeneous crystal
with low defect/dopant concentrations (i.e. no interaction between the defects). These
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requirements are in general not fulfilled by the PLD grown thin films investigated
in this work. The strongly kinetically limited growth conditions can result in situ-
ations far from equilibrium and a highly increased defect concentrations. Therefore,
the characteristics of PLD grown thin films can deviate significantly from the behav-
ior predicted by defect chemistry. In particular, although Fe-doping acts as acceptor
doping in bulk samples, the PLD grown SrTiO3 films have been found to be intrinsi-
cally n-doped due to a high concentration of oxygen vacancies [11, 31] (see also chapter
4.3.1).
2.2 Resistive switching in SrTiO3
Basic operation principle and classification
During the last decade the resistive switching effect has attracted a lot of research interest
due to the potential application for future memory applications [1, 3, 5]. Thereby, the
umbrella term "resistive switching" is very broadly defined and covers all systems where
a non-volatile and reversible change of the electrical resistance can be induced by an
electrical voltage or current pulse. For memory applications the different resistance
states can be used to store digital information - for example a low resistance can be
interpreted as "1" and a high resistance as "0". In principle it has been shown that
the specifications of a so-called ReRAM (resistive random access memory) can compete
with and in some aspects even exceed the nowadays used flash memory. In particular
it might allow the realization of a memory device which can combine a high write/read
speed with a long data retention [7, 32].
The basic building block of a ReRAM, i.e. a single resistive switching cell, consists
of a simple metal-insulator-metal (MIM) structure. Thereby, the metal layers serve as
bottom and top electrode while the insulator - typically an oxide - is the active film. Upon
application of an electrical stimulus the resistance of the active film can reversible be
switched between at least two states, normally named ON (low resistive) state and OFF
(high resistive) state. Two basic operation schemes can be distinguished (see Fig. 2.3).
In a unipolar cell the same voltage polarity can be used for the SET transition (from
OFF to ON state) and the RESET transition (from ON to OFF state). In contrast,
bipolar switching requires a reversal of the applied voltage to realize a full SET-RESET
cycle.
Over the last years the general effect of resistive switching has been observed in a mul-
titude of different material combinations [1, 2, 5]. A more detailed inspection allows




Fig. 2.3: I-V characteristic for two basic operation modes of ReRAM cells: (a) In unipolar
switching cells the SET and RESET process can be realized with the same voltage polarity
(b) A bipolar switching cells require a different voltage polarity for SET and RESET
process (reproduced from [1])
nism which is responsible for the switching effect. To name just a few, for example in
phase change materials the system can be reversible switched between a well conducting
crystalline phase and an insulating amorphous phase. In electrochemical metallization
systems a conducting filament built up from the electrode material can reversibly be dis-
rupted and recreated. However, in this work we will only deal with the valence change
memory (VCM) effect.
Resistive switching in VCM systems is always bipolar and it has become widely ac-
cepted that it is connected with a voltage-driven oxygen vacancy movement and a re-
sulting redox-process [6, 33]. However, the details of the microscopic origin are still
unknown. We will now summarize the current understanding of the resistive switching
effect in SrTiO3 which is often employed as a model material for the VCM switching
mechanism.
Valence change switching mechanism in SrTiO3
As discussed in chapter 2.1 oxygen vacancies in SrTiO3 are shallow donors i.e. they
are normally ionized and therefore the creation of oxygen vacancies according to equa-
tion (1) creates two free electrons. These electrons are transferred to the Ti conduction
band and thus increase the conductivity of the SrTiO3 crystal1. In total, the reduction
1For the sake of simplicity here we only discuss the case of undoped SrTiO3. As presented in chapter
2.1, in Fe-doped SrTiO3 the creation of oxygen vacancies can also be compensated by a reduction
of Fe.
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of SrTiO3 by excorporation of oxygen can be described by the following redox equa-
tion
Ti4+ +OO 
 Ti3+ + V ··O + 12O2 (6)
The creation of oxygen vacancies therefore goes along with a valence change from Ti4+ to
Ti3+ which gives this mechanism the name. As oxygen vacancies are charged defects it is
possible to control the diffusion of oxygen vacancies by an applied voltage. The voltage-
time dilemma due to the combination of short write/read times and long retention
times [1] is thereby overcome by a thermally accelerated diffusion due to significant
Joule heating [34]. While the variations in the concentration of oxygen vacancies can
explain the fundamental capability of SrTiO3 to realize a varying local resistivity, several
additional effects are relevant in a real ReRAM device.
Firstly, in the complete MIM structure the contact resistance between electrode and
active film plays an important role [2]. For bipolar switching typically asymmetric
electrode configurations are used, for example a high and a low work function material.
In this work an ohmic contact is assumed for the bottom electrode (Nb:SrTiO3), while
a Schottky contact is formed at the interface with the top electrode (Pt) [31]. Moreover
it can be relevant whether the electrode material is oxygen blocking or whether oxygen
can be stored within or pass through the electrode [35].
Secondly, it is important to clarify the active region within the cell. In general the
resistance change is not due to a homogeneous modification of the entire film volume.
Lateral inhomogeneities i.e. highly localized filamentary structures with lowered resistiv-
ity are typical features of ReRAM devices [1]. Additionally, the active region within the
ReRAM cell might also be confined in the vertical region i.e. at a specific film-electrode
interface [2]. For the case of a Nb:SrTiO3/Fe:SrTiO3/Pt(Au) structure studied within
this thesis the upper interface of the oxide with Pt(Au) is considered as the active in-
terface due to the Schottky contact. The identification of the lateral features in SrTiO3
is more complex. For single crystalline SrTiO3 Szot et al. [6] reported a highly localized
switching within single dislocations. However, epitaxially grown thin films incorporated
into MIM structures revealed a more complex behavior. By delamination of the top elec-
trode and investigation of the active interface with conductive-tip AFM Münstermann
et al. presented evidence for the coexistence of two types of switching effects which ex-
hibit a different lateral extension as well as a different I-V characteristic [35, 36]. On the
one hand a localized 'crater' region with a high defect density is observed which reveals
a so-called counter-eightwise polarity (see Fig. 2.4)2. Additionally an extended 'halo'
region with an eightwise switching polarity is present.
2In this switching curves and all further I-V data presented throughout this thesis the bottom electrode
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2.3 Absorption signature of Fe:SrTiO3
The interaction of X-rays with matter results in a material and energy-dependent ab-
sorption of the electromagnetic radiation. If a homogeneous material with thickness
d is irradiated with an initial intensity I0 the transmitted intensity can be calculated
according to [38]
I(E, d) = I0(E)e
−µ(E)d (7)
where µ(E) is the absorption coefficient. The term "X-ray absorption spectroscopy"
(XAS) summarizes all techniques which determine the energy dependence of the absorp-
tion coefficient [38, 39]. In the soft X-ray regime (≤ 2 keV) the dominating absorption
mechanism is the photoelectric effect i.e. the excitation of electrons from an occupied into
an unoccupied level3. If the photon energy becomes sufficient to excite core level elec-
trons into the lowest-lying unoccupied electronic states allowed by the selection rules the
absorption is strongly increased giving rise to a so-called absorption edge. The absorp-
tion edges are thereby labeled K-, L- , M- ... edges according to the core level involved
(n=1,2,3,...). A numerical index is used to indicate the subshell - for example the L1-edge
would indicate an excitation from the 2s level, the L2 edge from the 2p1/2 and the L3
edge from the 2p3/2 level. Due to the characteristic electronic configuration of each ele-
ment, XAS is an element sensitive technique and the absorption due to different elements
within a composite sample can be measured independently.
The exact energetic position and the shape of an absorption spectrum is determined by
the details of the electronic structure of the solid state sample, i.e. the binding energy of
the core levels and the density of states of the unoccupied level. Consequently, XAS is
sensitive to the oxidation state as well as the crystal symmetry. The theoretical calcula-
tion of absorption spectra is very challenging as atomic multiplets (i.e. the electron-hole
interaction) and solid state effects (i.e. the complex density of states of unoccupied
bands) need to be considered at the same time. Typically different approximations are
employed in the calculations depending on the specific absorption edge under discussion.
In the following the theoretical approaches and some experimental reference spectra are
presented in more detail for the absorption edges relevant for this thesis i.e. Ti L-edge,
Fe L-edge and O K-edge.
3We note that this inner-atomic excitation of an electron can also be induced by high-energetic elec-
trons. In fact, electron energy loss spectroscopy (EELS) probes the same transitions and therefore




The Ti L-edge is the typical absorption characteristic of titanium atoms in the range
of 450 eV  470 eV due to the excitation of electrons from the 2p core level into empty
3d states [40, 41]. The Ti L-edge spectrum measured on an epitaxial SrTiO3 film is
composed by four main peaks as shown in Fig. 2.5 (a). In a simple picture the spin-orbit
coupling of the 2p core level divides the spectra into two parts due to the excitation
from the p3/2 and the p1/2 levels, called L3 and L2 edge respectively. Both lines are
further split into two peaks with t2g and eg symmetry due to the crystal field splitting
in octahedral Oh symmetry. The considerably broader peaks within the L2 compared
to the L3 edge can be explained by the shorter lifetime of a p1/2 core hole due to an
additional decay channel via a Coster-Kronig process [42].
It is interesting to inspect the relative orientation of the 3d orbitals (see Fig. 2.5 (b))
and the ligands in octahedral coordination [42]. The t2g symmetry is fulfilled by dxy,
dxz and dyz orbitals, which point in between the ligands. In contrast the dz2 and dx2−y2
orbitals with eg symmetry point towards the ligands and are therefore more strongly
bound/exhibit a larger hybridization. Due to vibrational and/or dispersional broadening
this larger hybridization leads to an additional broadening of the eg peaks [42]. Moreover,
the increased hybridization can explain why spectral changes are typically more pro-
nounced at the eg peaks (see for example Fig. 2.5 (a) and chapter 5.2.2).
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Fig. 2.5: (a) Ti L-edge absorption spectrum of SrTiO3 thin film. (b) Shape of the d-
orbitals.
The absorption of transition metal L-edges has been subject for theoretical calculations
for many years [40, 4245]. Due to the strong interaction between the 2p core hole and
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the 3d electrons it is not possible to correctly reproduce the spectral shape within the
independent particle approximation. Instead, full atomic multiplet calculations have
been performed to calculate the possible transitions. Afterwards the effect of the crystal
field is included in terms of a symmetry reduction. This is a semi-empirical approach as
the crystal field strength 10Dq is tuned to fit the experimental line shape4. Within this
multiplet approach also the two small prepeaks marked by arrows in Fig. 2.5 (a) are ex-
plained by transitions, which are forbidden if only spin-orbit coupling is considered. The
calculations also demonstrate that the simple assignment of the peaks as in Fig. 2.5 (a)
is not perfect. Several coupling and exchange terms lead to a significant mixing and
redistribution of the intensity between the peaks. These effects are also responsible for
the deviation of the intensity ratio from the expected statistical value of 2:1 for L3 and
L2 edge and 6:4 for t2g and eg levels [44].
Over the last few years new computational capabilities boosted the development of sev-
eral advanced theoretical approaches to calculate the L-edge absorption with ab initio
methods such as multichannel multiple scattering calculations [46], Bethe-Salpeter equa-
tion calculations [47], time-dependent density functional theory [48] or ab initio charge
transfer multiplet calculations [49]. Up to now all these calculation schemes have their
own advantages and disadvantages and no unique solution for all problems has been
presented. Therefore, in the current state of the development most studies focus on
the reproduction of features in well known reference materials like the L3:L2 branching
ratio in SrTiO3 or the eg peak splitting in TiO2. Thus the interpretation of observed
variations in the spectral line shape of the Ti L-edge spectra is still mainly based upon
comparison with experimental reference materials and the semi-empirical multiplet cal-
culations.
In Fig. 2.6 some experimental Ti L-edge spectra of reference materials are reprinted.
As already mentioned the spectral shape is mainly determined by the oxidation state
of the Ti-ion and the crystal field symmetry and strength. This fact is reflected in the
strong similarities of the spectra from compounds with identical oxidation state and local
symmetry as for example SrTiO3 and TiO2 or LaTiO3 and Ti2O3. In contrast, a change
of the oxidation state has strong influence on the absorption spectrum. For example the
spectra for Ti3+ configurations (LaTiO3 or Ti2O3) are shifted to lower photon energies
and exhibit broader features compared to the Ti4+ spectrum. These observations can be
explained by the decreased binding energy of the Ti3+ core level and the considerably
increased number and overlapping of allowed transitions in the Ti3+ spectra, respectively
[43].
The variations of the absorption spectra due to variations of the crystal field symmetry









Fig. 2.6: Literature references for Ti L-edge spectra in oxides. (a) Changing Ti valence
in perovskite lattice by Abbate et al. [50]. (b) Magnelli phases measured with EELS by
Stoyanov et al. [51].
are often more subtle. For example Laan et al. [44] showed that small trigonal dis-
tortions in Fe2O3 do not influence the spectra significantly and calculations based on
the Oh symmetry are sufficient to describe the experimental data. In general, a mi-
nor distortion of the octahedral symmetry typically results in some peak broadening
and/or asymmetry mainly concentrated on the eg peak [42, 52, 53]. This effect can be
explained by a small admixture of other symmetries [54]. However, drastic distortions
(for example at the surface of SrTiO3 [55]), a completely different symmetry (for exam-
ple in titanium oxide minerals [52]) or a variation of the long range order (for example
the TiO2 phases rutile and anastase [46]) can clearly be detected and identified in the
Ti L-edge spectra. Finally, we want to mention that as predicted theoretically apart
from the crystal field symmetry also the crystal field strength can influence the details
of the spectral shape. A comparison of different perovskites reveals a clear correlation
between the t2g-eg splitting (and the relative peak height) and the Ti-O bond length
[53].
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2.3.2 Fe L-edge
The Fe L-edge has many similarities with the Ti L-edge and a lot of the basic consider-
ations can be transferred. The absorption edge can be found in the energy range from
700 eV to 740 eV and is due to the excitation of 2p core level electrons into unoccupied
3d states [56, 57]. The spectrum can be roughly divided into an L3-edge due to the
2p3/2 and an L2 edge due to the 2p1/2 core level. However, in contrast to the Ti L-
edge no clear distinction of t2g and eg lines is possible. For theoretical considerations
the same approximations are valid as for the Ti L-edge and the Fe L-edge spectra can




Fig. 2.7: (a) Experimental and theoretical Fe L-edge spectra for Fe4+ compound SrFeO3
(top) and Fe3+ compound LaFeO3 (bottom) [54]. (b) Experimental (upper) and theoretical
(lower) spectra for Fe2+ compound FeTiO3 [58].
In Fig. 2.7 (a) reference spectra for the Fe4+ and Fe3+ perovskite compounds SrFeO3
and LaFeO3 are displayed together with theoretical calculations [54]. The absorption
edge of FeTiO3 presented in Fig. 2.7 (b) can be regarded as a reference for an Fe2+ com-
pound. Overall a reasonable accordance of theoretical calculations with the experimen-
tal spectra is achieved. (The broadening of the SrFeO3 spectrum found experimentally
can be explained by an increased covalency of the initial state and the admixture of
other symmetries.) Similar to the Ti L-edge each Fe oxidation state can clearly be
17
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identified from the characteristic shape and energetic position of the Fe L-edge spec-
tra.
2.3.3 O K-edge
The O K-edge is the characteristic oxygen absorption in the range from 520 eV to 550 eV
due to the excitation of 1s core level electrons into unoccupied 2p states [21, 51, 59].
In a strictly ionic model for SrTiO3 the O 2p level is fully occupied and therefore the
1s→2p excitation would not be possible. However, as discussed in chapter 2.1 due
to the hybridization of the bands a minor contribution of unoccupied oxygen states
is also present within the conduction band. Therefore, unoccupied states with partly
O 2p character are available enabling the absorption of photons via the photoelectric
effect.
In contrast to the metal L-edges, the interaction of the core hole with the excited electron
does not play a significant role for the calculation of the O K-edge spectrum [21]. The
multiplet effects which have been the dominating factor at the metal L-edges can safely
be neglected, i.e. a single electron approximation can be employed. The absorption
characteristic is thus mainly determined by the number of unoccupied states which are
available in the conduction band. These are given by the oxygen p-projected density
of states (DOS) and can be computed by density functional theory (DFT) [21, 51, 59].
After broadening to account for experimental resolution the oxygen DOS can directly be
compared to the measured O K-edge. Additionally the site projected DOS of the other
elements can help to elucidate the hybridized metal band relevant for certain features
in the absorption spectrum. If necessary the effect of the core hole can be considered
within the so-called Z+1 approximation i.e. the charge of the core hole is treated by the
assumption of an increased nucleus charge [60, 61].
In Fig. 2.8 the experimental and theoretical O K-edge spectrum of an SrTiO3 ceramic is
reproduced from literature. All peaks can be assigned to the hybridization of the O 2p
states with metal states. In particular, the first two peaks are due to hybridized Ti 2p
bands and reveal a splitting into t2g and eg line. However, due to final state effects the
energetic distance can vary from the value observed in the Ti L-edge spectrum [62]. The
third peak is due to the overlap of O 2p with Sr 4d orbitals. The structures at higher
energies can be tentatively assigned to hybridized Sr 5p and/or Ti 4p states. However,
the calculation of the DOS is less precise for higher energies and different assignments
have been suggested in literature [51, 59, 62].
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Fig. 2.8: Experimental (upper) and theoretical (lower) O K-edge spectrum for SrTiO3
[21]. The peaks are labeled according to the assignment of the hybridized bands by de




3.1 Pulsed laser deposition (PLD)
Pulsed laser deposition (PLD) is an established technique for the deposition of complex
oxide thin films [63]. The basic experimental setup is displayed in Fig. 3.1 (a). A pulsed
KrF excimer laser (λ = 248 nm) is focused onto a rotating ceramic target by an optical
lens system. The laser energy can be modulated by a beam attenuator. A suited
substrate is mounted onto a heater located opposite to the target surface. Usually a
single crystal substrate with a similar lattice constant is used as a growth template to
promote epitaxial thin film growth. In order to control the atmosphere during deposition
the whole set of target and sample holder is installed inside a UHV chamber which can
be pumped down and flooded with different process gases.
When the laser pulse hits the target, the material is immediately evaporated due to the
high intensity and a plasma plume is generated. It is important to note that the energy
transferred to the target is so high that the ablation process is far from the thermodynam-
ical equilibrium. This allows to grow also composite materials with very different melting
points of the components. The ablated material is deposited on the substrate, which is
heated to elevated temperatures in order to enable surface diffusion and therefore epitax-
ial growth. The growth of the film is thereby crucially influenced by several experimental
parameters - namely the laser energy, the laser frequency, the substrate temperature, the
oxygen partial pressure and the sample-target distance [64, 65]. Moreover the detailed
cooling procedure and the laser spot size can influence the complex deposition process.
However, careful tuning of all the parameters gives good control over the defect structure
and the stoichiometry of the thin films and allows to grow high quality single crystalline
films as well as to introduce defects deliberately.
The growth of the epitaxial film can be monitored by reflection high energy electron
diffraction (RHEED) [63]. High energetic electrons are directed onto the sample sur-
face under grazing incidence and the diffraction pattern is monitored on a fluorescence
screen. Due to increased scattering on a rough surface compared to an atomically flat
layer the intensity of the directly reflected beam is a measure for the roughness of
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3.2 Atomic force microscopy (AFM)
are a substrate temperature of 800 ◦C, a laser frequency of 5Hz, an oxygen pressure
of 0.1mbar and a target-sample distance of 44mm. The laser fluence is varied in the
range from 0.6 J/cm2 to 1.6 J/cm2 to achieve a variation of the Sr/Ti ratio (see chapter
4.2).
3.2 Atomic force microscopy (AFM)
Information about the surface morphology like surface roughness, island size and density
can be obtained with an atomic force microscope (AFM). Central part of an AFM is a
flexible cantilever with a small tip at the end, which is scanned over the sample surface.
Two basic measurement modes have been used within this thesis. All standard topog-
raphy measurements have been performed in tapping mode under ambient conditions.
Thereby the cantilever is excited into oscillations so that the tip slightly taps on the
sample surface and the interaction forces between tip and sample modify the oscillation
frequency and amplitude. In contact mode (used under UHV conditions for conductivity
measurements in chapter 6.4) the AFM tip is in direct contact with the sample surface
so that the cantilever is bent due to repulsive forces. In both modes the position of
the cantilever is determined by a laser signal which is reflected from the cantilever and
measured by photodiodes. A feedback loop is employed to maintain a constant oscilla-
tion amplitude or a constant bending of the cantilever while scanning over the sample
surface. The feedback signal of the necessary adjustment is stored for each position of
the sample and is used to generate the image of the surface topography. Due to the
direct contact to the sample a contact mode AFM can also be employed to measure the
local conductivity of the sample which is called LC-AFM. In this case a certain voltage
is applied to the conducting tip and the current is monitored while scanning over the
sample.
The tapping mode measurements have been performed at an SIS Pico Station by Ultra-




3.3 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a powerful tool for surface analysis [67, 68].
It is based on the photoelectric effect where a photon is absorbed in the material and its
energy is transferred to an electron - namely the photoelectron. Due to energy conserva-
tion the kinetic energy of the photoelectron Ekin is given by
Ekin = hν − EBind − Φ (8)
with hν being the photon energy, EBind the binding energy of the electron and Φ the
work function of the material. In an XPS experiment an electron spectrometer is used
to measure the kinetic energy of the photoelectron which allows to calculate the binding
energy of the respective core level. The binding energy of the core level electrons is
characteristic for each element making XPS an element-sensitive technique. Moreover,
so-called chemical shifts are observed upon variation of the chemical environment of an
atom which allows to gain information for example about the oxidation state and the
bonding configuration. For example oxidized species are usually found at higher binding
energy compared to their metallic compounds. As the valence electrons are transferred to
the oxygen ion the core level electrons of the metal ion experience a decreased screening
of he positive nucleus charge and are consequently stronger bound i.e. exhibit a higher
binding energy.
XPS is a very surface sensitive technique as photoelectrons with a kinetic energy in the
range of 50 eV to 1400 eV have only a limited mean free path in solids (see Fig. 3.4 (a)).
In order to separate surface and bulk contributions it is possible to tune the surface
sensitivity via a variation of the detection angle θ which is defined as the angle between
the sample surface and the electron analyzer (see Fig. 3.2 (a)). Tilting the sample to
a lower detection angle θ decreases the effective probing depth by sin θ and therefore
enhances the surface components, while measurements with θ = 90◦ maximize the signal
from the bulk.
In Fig. 3.2 (b) the XPS overview spectrum covering the entire available energy range is
shown for an Fe:SrTiO3 thin film. Clearly several sharp peaks are visible which can be
assigned to certain core levels of the elemental components in SrTiO3. Overview spectra
are frequently used to verify the chemical purity of a sample and to detect possible
contaminations. For example, all samples which have been at ambient conditions reveal
a carbon contamination at the surface due to adsorbates. For a further detailed analysis
of the stoichiometry and the chemical shifts typically the most intense line of each
element is recorded in a high resolution scan.
While the value of the binding energy and the line shape can give qualitative information
24
3.3 X-ray photoelectron spectroscopy (XPS)
1000 800 600 400 200 0















































Fig. 3.2: (a) Basic operation scheme of XPS. (b) XPS overview scan of an Fe:SrTiO3 thin
film. Peaks used for further analysis are marked with boxes. Unlabeled smaller peaks are
due to satellite structures of the main peak.
about the chemical state, the integrated area of the XPS peaks can be used to quan-
titatively determine the atomic concentrations. Due to differences in the cross section
for the photoelectric effect for different elements and core levels so-called relative sen-
sitivity factors (RSF) are necessary to calculate the relative atomic concentration from
the integrated peak area. For a given experimental geometry and transmission function
of the electron spectrometer the atomic sensitivity factors are tabulated in literature
[68]. However, quantitative analysis on the basis of these tabulated sensitivity factors
typically have an error of 10% to 20% as for example the RSF can vary slightly for
the same element in different chemical states [68]. The highest accuracy can thus be
achieved by calibration of the RSF with a reference sample with known stoichiometry
in a similar chemical state. For this work a Nb:SrTiO3 single crystal was used as a
reference to adjust the Ti RSF in order to result in the Sr/Ti = 1 ratio assumed for the
SrTiO3 single crystal1. Afterwards all SrTiO3 films have been measured and analyzed
in the same way and the uncertainty of the cation ratio Sr/Ti is estimated to be roughly
∆(Sr/Ti) = ±0.05. Unfortunately it was not possible to calibrate the oxygen RSF due
1As will be discussed in chapter 4.2 a deviation from a mixed termination might result in a different
Sr/Ti ratio even for a perfect bulk crystal. In fact, in literature a preferential Ti-termination is
suggested for untreated SrTiO3 [63]. However, as the actual surface configuration of the reference
sample is unknown we cannot correct for this effect. Nevertheless, an error in the calibration of




to the contamination of the Nb:SrTiO3 crystal with oxygen-containing adsorbates which
cannot be removed without the risk of a modification of the oxygen concentration at the
surface.
All laboratory XPS measurements have been performed with a Versa Probe 5000 from
Physical Electronics. It is equipped with a monochromatic focused X-ray source (Al
Kα, hν = 1486.7 eV) as well as an electron gun and an ion gun for advanced dual beam
neutralization. The spectra have been analyzed with CasaXPS and a Shirley background
was subtracted prior to the quantitative analysis.
3.4 X-ray absorption spectroscopy (XAS)
As already mentioned in chapter 2.3 in an X-ray absorption spectroscopy (XAS) ex-
periment the electronical structure of the sample is probed via the detection of the
energy dependent absorption of photons. However, for solid state bulk samples (thick-
ness typically of the order of several 100µm) the direct measurement via the detection
of the transmitted intensity as presented in equation (7) is not possible. Therefore,
the measurement of the absorption coefficient often relies on secondary processes [39].
In particular, the number of absorbed photons is equal to the number of photo-holes
created during the excitation of photoelectrons. The unstable photo-hole can either de-
cay radiative via emission of a fluorescence photon or non-radiative via the creation of
an Auger electron (see Fig. 3.3). The detection of the fluorescence photons is typically
employed for the study of metal K-edges [16]. However, for the oxygen K-edge and
the metal L-edges in the soft X-ray energy regime studied within this thesis the main
relaxation channel is the non-radiative decay (see Ref. [39] for a detailed discussion of
the different detection modes).
The direct detection of the Auger electrons as a measure for the X-ray absorption co-
efficient is called Auger Electron Yield (AEY). In order to monitor the AEY signal the
detection window of an electron energy analyzer is set to the constant kinetic energy
of an Auger electron of the element under study. The intensity of the Auger peak as
a function of the photon energy will then directly give the X-ray absorption spectrum.
Due to the short mean free path of Auger electrons this detection mechanism is very
surface sensitive and probes only the topmost layers.
However, very frequently the so-called total electron yield (TEY) is used for the mea-
surement of absorption spectra. In this mode, the total number of electrons which leave
the sample are detected independently of their kinetic energy (typically via a simple
measurement of the sample drain current). Inelastic scattering of the Auger electrons,
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Fig. 3.3: (a) Absorption of a photon at the absorption edge due to the photoelectric
effect. (b) Radiative decay of the core hole via creation of a fluorescence photon. (c)
Non-radiative decay of the core hole via an Auger process. The energy gained during the
relaxation of the core hole is transferred to another electron which leaves the sample with
a characteristic Auger energy.
which have been created during the relaxation of the core hole, induces a cascade of sec-
ondary electrons (see Fig. 3.4 (b)). Due to the energy loss and the multiplication effects
during the inelastic scattering the TEY signal is dominated by the secondary electrons
with Ekin ≤ 20 eV. As displayed in Fig. 3.4 (a) these secondary electrons exhibit a longer
mean free path and therefore TEY measurements are more bulk sensitive than AEY
detection.
Another detection mode for XAS is the partial electron yield (PEY). In PEY mode only
electrons which have at least a minimum kinetic energy EP are counted for the generation
of the absorption spectrum. Thus, the low energy secondary electrons do not contribute
to the signal. Consequently, the information depth is considerably reduced compared to
TEY and PEY measurements can be regarded as very surface sensitive. Experimentally
the PEY mode can be realized by biasing the sample to a positive voltage. Only electrons
with sufficient kinetic energy to overcome this additional potential will contributed to
the signal.
In order to measure the energy dependent absorption it is obviously necessary to irradi-
ate the sample with photons of variable energy. As no tunable laboratory sources in the
X-ray regime are available the measurements are only possible at modern synchrotron
facilities. In a synchrotron electrons circle around a storage ring at a constant energy
in the range of a few GeV [38]. The electromagnetic radiation created by the tangen-
tial acceleration of these electrons in bending magnets and undulators is filtered by a
monochromator yielding a monochromatic high intensity photon beam. With respect to
the experimental spectra we want to point out that thereby small inaccuracies of the step
motors moving the monochromator can introduce an offset of the absolute energy scale.
Therefore, we limit our analysis to the comparison of the spectral shape and relative
shifts and neglect differences in the absolute energy scale.
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Auger Electron Yield (AEY) Total Electron Yield (TEY)
(a) (b)
Fig. 3.4: (a) Electron mean free path in dependence of the kinetic energy (reproduced
from [39]). (b) Schematic illustration of information depth in AEY and TEY detection.
The primary Auger electron is depicted in red while the cascade of secondary electrons is
indicated by black arrows (adapted from [39]).
The area-integrating X-ray absorption measurements on virgin films (see chapter 4.3)
have been performed at the I311 beamline at Max-lab in Lund (Sweden) [69] and the
APE beamline at Elettra in Trieste (Italy) [70]. The X-ray beam size is of the order of
several 100µm at both endstations. The TEY data have been acquired at both setups by
a measurement of the sample drain current with a picoammeter. At the I311 beamline
an electron energy analyzer was employed for the detection of the auger electrons in
AEY mode. At the APE beamline the sample has been set to a floating potential of
+100V to achieve surface sensitive PEY measurements.
3.5 Resonant photoelectron spectroscopy (RESPES)
Resonant photoelectron spectroscopy (RESPES) can be used to determine the contri-
bution of different elements to the valence band of a composite material [71, 72]. This
is achieved by tuning the photon energy to an absorption edge of a specific element. If
the photon energy is slightly lower than the energy needed to excite a core level elec-
tron into the conduction band (i.e. slightly below the absorption edge) only the direct
photoelectron process is possible (see Fig. 3.5 (a)). In contrast, at the absorption edge a
second, indirect channel with the same final state is opened as illustrated for a L-edge
RESPES process in Fig. 3.5 (b). In a first step a 2p electron is excited into an empty
3d state in the conduction band leaving behind a 2p core hole. In the second step this
core hole decays via a Super-Coster-Kronig process, which transfers the energy to a
valence band electron [71]. As the direct photoelectron process as well as the indirect
decay have the same final state they can interfere constructively, which gives rise to
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6 n 6 n-1 -
2p 3d →2p 3d +e
6 n 5 n+1 6 n-1 -
2p 3d  → (2p 3d )* → 2p 3d +e
Fig. 3.5: (a) Direct photoemission process of a valence band electron. (b) Two-step model
of the additional, resonant excitation channel at the L-edge.
an enhancement of the valence band contributions connected to the absorption edge
studied.
As continuous variation of the photon energy is mandatory for this method it can only
be performed at synchrotron radiation facilities. All measurements presented within this
work have been performed at the I311 beamline at Max-lab in Lund (Sweden). Auto-
matic stepwise variation of the photon energy combined with measurements of the va-
lence band allows to acquire 2-dimensional RESPES maps.
3.6 Transmission X-ray microscopy (TXM)
Transmission X-ray microscopy (TXM) is an advanced analysis technique to study the
electronic structure of a suited sample with high lateral resolution [73]. The experimental
setup is sketched in Fig. 3.6. A photon transparent sample with a thickness below 100nm
is irradiated by photons in the soft X-ray regime. Fresnel lenses are used as objectives to
obtain a magnified image of the sample. Spectroscopic information can be gained from
the detection of the transmitted intensity for each image point while tuning the incident
photon energy i.e. the detection of the characteristic absorption spectrum according to
equation (7). Due to the transmission geometry and the significantly higher mean free
path of photons compared to electrons TXM can be regarded as bulk-sensitive technique
as it probes the whole sample volume.
In contrast to the more common scanning transmission X-ray microscopy [14, 74] this
techniques allows to parallel record an image in the micrometer range with good reso-
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Fig. 3.6: Schematic layout of a TXM experiment. The X-rays are focused onto a photon
transparent sample and the transmitted intensity distribution is imaged by Fresnel lenses
onto a CCD camera. (reproduced from [73])
lution. Therefore the measurement time is heavily reduced compared to the scanning
approach, where a compromise of field of view and resolution is more critical in order to
limit the amount of measurement points to a realistic value.
All TXM data presented in this work have been measured at the U41-XM beamline at
BESSY II in Berlin. At this endstation, Ti L-edge spectra can be measured with a spec-
tral resolution of up to E/∆E=104 and a spatial resolution of 25 nm. In order to record
spectra with sufficient signal to noise ratio for each photon energy five separate images
are acquired and summed up. Additionally wherever possible the spectra are normalized
by a nearby reference signal without Ti-signature to account for inhomogeneities in the
beam intensity. For the Fe L-edge and the O K-edge it was not possible to acquire
meaningful spectra due to the small intensity of the Fe-dopant and oxygen containing
contaminations on the optical elements, respectively [75].
3.7 Photoemission electron microscopy (PEEM)
In a photoemission electron microscope (PEEM) an electrostatic or magnetic lens system
is employed to image the electrons created upon irradiation of the sample with photons
[76, 77]. All PEEM experiments within this thesis have been performed with a NanoEsca
from Omicron NanoTechnology GmbH [78, 79] (see Fig. 3.7). It is comprised of an
imaging system with purely electrostatic lenses and an imaging double hemispherical
energy analyzer. Due to the antisymmetric configuration of the analyzers the second
hemisphere corrects the spherical and chromatic aberrations of the first energy filter and
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therefore highly suited for navigation on the sample and a first identification of in-
teresting features. The contrast is thereby mainly determined by the work function
which is not only sensitive to different materials but can also be heavily modified by
the chemical state, adsorbate contaminations, crystal orientation and sample roughness
[80]. Unfortunately, this contrast is not element-sensitive and a precise interpretation
often complex.
However, if a tunable photon source (i.e. a synchrotron) is available, the detection of
the secondary electrons can be used to gain spectroscopic information from the X-ray
absorption characteristics. This approach is directly comparable to TEY measurements
as the TEY signal is dominated by the secondary electrons. Consequently the informa-
tion depth is identical to the information depth of TEY measurements [81] and therefore
PEEM studies with XAS contrast are more bulk sensitive than PEEM studies with XPS
contrast. While in principle both techniques can give information on the chemical and
electronical structure of the sample the usage of XAS-PEEM offers the advantage of a
higher cross section and a higher lateral resolution due to the detection of secondary
electrons. However, XAS studies are limited to elements which exhibit a suited absorp-
tion edge in the available energy range, while all elements show some characteristic core
level peaks in XPS. For example, Sr has no pronounced absorption edge in the soft X-ray
regime and can thus not be studied with XAS, but the strong Sr 3d core level line is highly
suited for XPS measurements. Within this work a combination of XAS and XPS was
employed to make use of the advantages of both techniques.
All PEEM results presented within this thesis have been measured at the NanoEsca
which is installed at the nanospectroscopy beamline at Elettra in Trieste (Italy) [82]. At
this setup the lateral resolution for the imaging of secondary electrons/photoelectrons is
better than ∆x = 60 nm/∆x = 150 nm, respectively. Several data processing steps are
employed to increase the data quality. The inhomogeneities in the detection unit (espe-
cially the multi-channel-plate) can be corrected by the normalization with a featureless
'flat-field' image. The variation of the photon intensity I0(E) due to the undulator char-
acteristics is detected and normalized via the measurement of the drain current from
an Au grid2. In order to highlight the variations of the secondary electron intensity
due to an absorption edge in XAS mode, it is important to remove the photon energy
independent contrast due to a variation of the work function. Therefore several images
at photon energies far from the absorption edge are averaged to get a high statistics
image of the work function contrast. Afterwards the entire image stack is divided by
this reference image. The remaining contrast is then only due to different absorption
characteristics.
2This detection of I0(E) can exhibit additional contributions from second order light. This is cor-
rected by the subtraction of an offset to guarantee a constant intensity in the pre-edge region of an
absorption edge.
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The photon spot available at the nanospectroscopy beamline is focused to a size below
10 µm and cannot be widened without the introduction of significant inhomogeneities in
the beam profile. In order to study an electrode pad with 10 µm edge length we had to
use larger field of views which are thus not homogeneously illuminated. Fortunately this
constant variation in the photon intensity can be corrected by dividing with an otherwise
featureless image (for example after heavy smoothing). However, due to the small beam
diameter even minor beam drift effects lead to a considerable variation of the photon
intensity for a given pixel which cannot be easily corrected and can result in a significant
distortion of the spectral shape. In order to reliably detect minor variations in the
spectral shape we therefore tried to compare neighbored region of interests as they will at
least show a similar variation of the background intensity.
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4 PLD growth and spectroscopic
characterization of Fe:SrTiO3 thin
films
In order to study the microscopic origin of the resistive switching effect in Fe:SrTiO3 a
thorough understanding of the virgin thin films is essential. In this chapter the prop-
erties of the SrTiO3 thin films grown by PLD with different laser fluences are fully
characterized by a combination of several techniques. The growth process is monitored
by RHEED and the film morphology is investigated by AFM. A systematic XPS study
is performed to determine the sample stoichiometry. More details on the electronic
structure and the incorporation of Fe into the SrTiO3 film are obtained from XAS and
RESPES measurements.
4.1 PLD growth and surface morphology
As mentioned already in chapter 3.1 the laser energy used for the ablation in the PLD
process has significant impact on the chemical and physical properties of the thin films.
During this thesis a series of 2%Fe-doped SrTiO3 films has been grown at varying laser
fluence and was thoroughly characterized. The direct quantitative comparison of the
laser fluence used at different deposition chambers is typically not very accurate as the
PLD process is also influenced by other parameters as the ablation spot size or the target-
sample distance. Moreover, the additional calibration by the transmission of the entrance
window and the laser spot size introduces additional experimental uncertainties. Thus
within this chapter the total measured laser energy in front of the deposition chamber
will directly be given as a deposition parameter. If necessary the laser fluence can
be calculated from the laser energy by F [J/cm2] = 0.036 · E[mJ] (transmission of the
entrance window is 65.4%; laser spot size is 1.8mm2). Apart from the laser energy all
other growth parameters have been kept constant at a substrate temperature of 800 ◦C,
a laser frequency of 5Hz, an oxygen pressure of 0.1mbar and a target-sample distance of
44mm. The deposition time was adjusted based on the RHEED oscillations to achieve
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Fig. 4.1: Film morphology measured by AFM and RHEED intensity during the growth
of 20 nm 2%Fe:SrTiO3 films grown at the different laser energy.
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a constant thickness of 20 nm for all films.
In Fig. 4.1 the film morphology measured by AFM and the RHEED intensity during
growth are summarized for different laser energies. At the initial growth stage all films
show clear RHEED oscillations indicating a layer-by-layer growth mode. For the films
grown at low laser energies (18mJ 21mJ) the RHEED intensity drops and the oscilla-
tions disappear after deposition of 10 to 20 unit cell layers. This indicates an increased
surface roughness and a deviation from a perfect homogeneous layer-by-layer growth
mode. In contrast, for the films grown at high laser energies (35mJ 45mJ) the RHEED
intensity does not drop as significantly and the oscillations can be observed nearly to the
end of the film growth. At the intermediate value of 30mJ pronounced oscillations are
observed for the growth of 50 unit cell layers corresponding to the entire film thickness
of 20 nm. This is the fingerprint of a nearly perfect layer-by-layer growth and is expected
to result in a high film quality.
Another important film property, which can also give information on the film quality, is
the surface morphology. As presented in the AFM images in Fig. 4.1 the initial terrace
structure of the substrate is still visible on all film surfaces. The root mean square
roughness (RMS) is below 0.4nm which proves a smooth sample morphology. Looking
at the morphology in more detail a clear correlation between the observed number of
RHEED oscillations and the surface quality is detected. For the films at 18mJ and 21mJ
some small defects are visible as white spots, which can be up to 15 nm high. Moreover
the films grown with a laser energy ≤ 25mJ show a special modulation of the surface
roughness and height, which will be discussed in more detail later (compare Fig. 4.3).
At 30mJ a very smooth surface with a RMS = 0.19 nm is observed. The films grown at
high laser fluence maintain the initial terrace structure directly, but show a somewhat
rougher substructure compared to the bare substrate. Overall, the RHEED and AFM
results gained for this fluence series of 2%Fe:SrTiO3 on Nb:SrTiO3 compare well with the
results from Xu et al. [65] for the homoepitaxial growth of undoped SrTiO3. According
to this study the different growth modes can be explained by a combination of a decrease
in adatom diffusivity for non-stoichiometric surfaces and an increase of island density
for high laser energies.
Judging from the clear RHEED oscillations and the smooth surface the highest film
quality is achieved with a laser energy of 30mJ. In Fig. 4.2 (a) a high resolution topog-
raphy image of this film is presented. Flat terraces with several isolated islands of one
unit cell height are observed (see also z-profile in Fig. 4.2 (b)). This 2D surface structure
is consistent with the perfect layer-by-layer growth mode expected from the RHEED
oscillations and suggests a nearly stoichiometric composition for the film grown with
30mJ.
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Fig. 4.2: (a) After growth of 50 unit cells of SrTiO3 at 30mJ a flat terrace structure with
islands of one unit cell height is visible. (b) Z-profile along the white line in the topography
image on the left.
As mentioned before a special surface structure is apparent in the AFM images for the
Fe:SrTiO3 films with a thickness of 20nm grown at low laser energies1(E ≤ 25mJ). It
can already be weakly seen as roundish areas with varying height in the 5 µm AFM
scan in Fig. 4.1 (b). However, the effect is most pronounced on the large 20 µm scan
of a 2%Fe:SrTiO3 sample grown at 25mJ presented in Fig. 4.3 (a). A complex network
of curved lines is visible as bright contrast. Nevertheless underneath this network the
normal step terrace structure is still visible. Surprisingly the lines are not influenced by
the terrace steps i.e. there seems to be no correlation between these two structures. In
Fig. 4.3 (b) a detail scan taken at the border of one of the lines is displayed. A clear varia-
tion of the substructure is observed: the curved line (located in the upper left part of the
zoomed area) is composed of many small and sharp spots, whereas the deeper lying re-
gion (lower right part) exhibits larger and blurred features.
At this point we want to mention that the network is also clearly seen in the AFM phase
contrast which is a measure for the energy dissipation during the tip-sample interaction.
The differences in the local surface composition and morphology might even be partly rel-
evant for the apparent topography differences (see Ref. [83]).
In order to elucidate the origin of this extra structure the sample has been studied with
PEEM. The structure is clearly seen in the secondary electron contrast and upon vari-
ation of the kinetic energy a contrast inversion is observed (see Fig. 4.4 (a) and (b)).
This is reflected in a significant variation of the line shape of the secondary electron
spectra presented in Fig. 4.4 (c). Two main features at 3.7 eV and 4.5 eV are visible for
1In contrast, the structure was not observed on a sample with 10nm film thickness, undoped films or
films grown at higher laser fluence.
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Fig. 4.3: (a) Exemplary AFM image revealing a special surface structure on 20 nm Fe-
doped SrTiO3 films grown at low laser fluences. (b) Zoomed AFM image showing the
different substructure for the lines (upper left corner) and the region in between (lower
right part).
the lines as well as the regions in between, but the relative intensities vary drastically.
These changes in the secondary electron contrast could at least partly be due to the
different surface morphology already detected with AFM. In contrast to these clear dif-
ferences in secondary electron contrast, it was not possible to detect any differences
in the element sensitive absorption and emission spectra. We performed laterally re-
solved measurements of the Sr and Ti XPS lines as well as Fe, Ti and O XAS, but
no indications of a change in the line shape or sample stoichiometry has been found.
Consequently, further work will be needed to determine the origin of the extra surface
structure.



















Fig. 4.4: (a)/(b) Secondary electron PEEM images at different kinetic energies (irradiated
with Hg-lamp). The featureless region in the lower right is an artifact of the imaging
system of the PEEM. (c) Secondary electron spectra of different regions marked in the
inset. (PEEM measurements by C. Wiemann and M. Patt)
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4.2 Film stoichiometry and electronic structure by
XPS
After deposition in the PLD chamber the samples have been directly transferred in situ
to the XPS setup (only the film grown at 30mJ was exposed to air for about 30min prior
to the measurements). For all films a survey scan as well as high-resolution spectra of
the main components were measured with dual beam neutralization at a detection angle
of θ = 45◦. No significant carbon signal was detected on the samples, which demon-
strates the absence of adsorbates on the sample surface due to the in situ transfer. (As
the 30mJ sample was outside the UHV system only for a short time it also exhibits a
very low carbon signal). On all samples a very weak Zr contamination (≤0.5%) was ob-
served, which might stem from the target preparation process. Apart from that no other
contaminations are detectable. In particular, no Ag contamination from the mounting
with silver paste is observed on the sample surface.
As described in chapter 3.3 the elemental composition of the sample can be determined
from the integral intensity of the XPS peaks. For the in situ films the calculated oxygen
concentration is in the range of 54% to 55%, which is considerably lower than the nominal
concentration of 60%. However, as discussed in chapter 3.3 this is probably not due to an
oxygen deficiency of the sample but rather due to a inaccurate RSF factor. Independent
of the questionable absolute concentration the more accurate relative comparison of the
films clearly demonstrates that within the experimental error of XPS all films exhibit
the same oxygen concentration.
The integrated intensity of the Ti 2p and the Sr 3d XPS signal is evaluated to determine
the cation stoichiometry. The dependence of the Sr/Ti ratio from the laser energy is pre-
sented in Fig. 4.5 (a). A strong influence of the laser energy on the cation stoichiometry
is visible and a roughly linear decrease of the Sr/Ti ratio is observed for increasing laser
fluence. This observation is consistent with previous literature reports [84, 85] and was
explained by a complex interplay of incongruent ablation on the target and preferential
scattering in the plume [86].
The determination of the laser fluence, which results in perfect stoichiometry is com-
plicated by a dependence of the measured cation ratio from the detection angle. As
presented in the table in Fig. 4.5 (b) more surface sensitive measurements under grazing
angle result in a considerable increase of the Sr/Ti ratio. For the Sr-rich film grown at
18mJ the increased Sr intensity at the surface could be interpreted as excess Sr which is
not incorporated in the crystal and therefore accumulates at the film surface. However,
for the 30mJ film the perfect bulk stoichiometry measured under 75◦ and the flat terrace
structure known from AFM measurements (see Fig. 4.2 (a)) disagree with the existence
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Fig. 4.5: (a) Cation stoichiometry of Fe:SrTiO3 thin films grown with different laser flu-
ences as determined from XPS measurements at detection angle θ = 45◦. A clear decrease
with increasing laser energy is visible (red line is a guide to the eye). The nominal value
for SrFe0.02Ti0.98O3 is indicated by the dashed gray line. (b) Detection angle dependent
results reveal a increase of Sr at the surface.
of a separate excess Sr phase at the sample surface.
Instead, the increased Sr/Ti ratio at the surface might be explained by a preferred Sr
termination of the SrTiO3 thin film. The layered structure of SrO and TiO2 slabs in the
001 direction of the SrTiO3 crystal (see Fig. 4.6 (a)) can lead to a significant deviation of
the measured stoichiometry for single-terminated crystals. Assuming a perfect Sr termi-
nation the intensity of the TiO2 layers is attenuated by the scattering of photoelectrons
in the top SrO layer. This attenuation factor can be approximated by the attenuation of
the photoelectron signal within half a unit cell of SrTiO32. Consequently, the Sr/Ti ratio













In this equation a is the lattice constant of SrTiO3 (a = 3.905Å), λ the inelastic mean
free path (IMFP) and θ the detection angle. For a stoichiometric crystal and cor-




= 1. For this rough
estimation we assumed an inelastic mean free path of λ = 2.5 nm, which has been cal-
culated as an intermediate value for Sr 3d and Ti 2p photoelectrons with the help of
2In a more detailed calculation for a Sr terminated crystal the attenuation of Ti 2p photoelectrons
(Ekin ≈ 1030 eV) in SrO is necessary, while for a Ti terminated crystal the attenuation of Sr 3d
photoelectrons (Ekin ≈ 1350 eV) in TiO2 should be used. However, this effect will only result in a
minor correction and is neglected here.
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a predictive formula provided by the NIST database [87]. To demonstrate the mag-
nitude of this termination effect we calculated the Sr/Ti ratio expected for XPS mea-















 Sr term. mixed term. Ti term.
30° 1.17 1.0 0.86
45° 1.12 1.0 0.90
75° 1.08 1.0 0.92
(a) (b)
 Q
Fig. 4.6: (a) Illustration of SrO and TiO2 slabs in 001 direction for Sr-terminated SrTiO3.
(b) Calculated Sr/Ti ratio for stoichiometric crystal with different surface terminations for
different detection angles θ.
According to this calculation even for the (most "bulk sensitive") XPS measurements at
75◦ the Sr/Ti ratio of an Sr-terminated SrTiO3 crystal is 1.08 and deviates significantly
from the Sr/Ti = 1.0 ratio in the bulk. The effect is even more pronounced for more
surface sensitive measurements, which results in a considerable angular dependence of
the measured Sr/Ti ratio. The calculation illustrates that the termination effect is
indeed large enough to explain the angular dependence for the 30mJ film without the
assumption of any surface phases. While polished crystals are typically expected to
possess a mainly Ti terminated surface, the termination of the PLD grown films is
unknown. A Sr termination of SrTiO3 is not impossible and has for example been found
after annealing of SrTiO3 to higher temperatures [88].
For real samples several effects like a partly terminated film, a non-stoichiometric bulk
composition and the existence of surface phases might occur simultaneously, which com-
plicates a precise determination of the stoichiometric point by XPS. Further studies
including measurements on perfectly terminated substrates, variation of the film thick-
ness and extension of angle dependent measurements to Ti-rich films could help to clarify
the situation. Nevertheless the combination of RHEED, AFM and XPS data suggest
that in this series the 30mJ film is at least close to the nominal stoichiometry. In the
following, films grown with lower/higher laser energies are therefore considered to be
Sr-rich/Ti-rich respectively.
In Fig. 4.7 the high resolution spectra of the XPS lines of the SrTiO3 main components
are depicted. All measurements have been calibrated to a Ti 2p3/2 peak position of
458.1 eV, which results in good accordance to literature values for the binding energies
of the other core levels [89]. All spectra have been normalized to allow better com-
parison of the spectral line shape. The line shape of the Ti 2p level can be described
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by a single doublet comprised of p3/2 and p1/2 lines for all films (see Fig. 4.7 (a)). In
particular, no indication of a significant additional contribution of lower valence states
at smaller binding energies is present. However, close inspection reveals a variation of
the peak width for different films as highlighted in Fig. 4.7 (b). The most pronounced
broadening is observed for the film grown at 25mJ, while the highly nonstoichiomet-
ric films grown at 18mJ and 45mJ have a smaller peak width. In order to verify and
quantify this effect the peaks are fitted and the determined FWHM from the fit are
presented in Fig. 4.8 (a) in comparison with results from ex situ measurements3. A pos-





















































































Fig. 4.7: Normalized Ti 2p (a), O 1s (c) and Sr 3d (d) XPS spectra for Fe:SrTiO3 films
grown at different laser energies (measured in situ expect 30mJ film). In panel (b) the
Ti2p3/2 peak is displayed on a extended energy scale to highlight the FWHM variation.
3The same films have been remeasured again after roughly one month at ambient conditions.
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The oxygen O 1s signal is presented in Fig. 4.7 (c). Direct comparison of the spectra as
well as fitting of the main peak (see Fig. 4.8 (b)) reveals the same trend for the FWHM
of the main line as for the Ti line. In contrast to the Ti signal the O 1s peak moreover
shows differences in the spectral line shape within the fluence series. For the films grown
with fluences in the range from 18mJ to 25mJ an additional peak at roughly 2 eV larger
binding energy is visible. O 1s peaks in this binding energy range are often assigned to
adsorbate peaks as hydroxide and carbonates from adsorbed H2O and CO2 have binding
energies in this region [68, 90, 91]. However, this assignment seems to be unlikely for
our data. Firstly, due to the in situ transfer no adsorbates are present on the surface of
the samples as it was also verified by measurements of the carbon signal. Moreover a
possible adsorbate signal would be primarily independent from the growth parameters,
while this additional peak is only present for low laser fluences. As the low laser fluence
films are Sr-rich we tentatively assign the additional peak to an additional SrO surface
component.
The Sr 3d line displayed in Fig. 4.7 (d) shows the largest differences of the main peaks
upon variation of the laser fluence. In particular, the minimum between the two peaks is
less pronounced for the mid-range fluences. In general, this effect could be caused either
by the existence of an additional component with a slightly increased binding energy
(for example found as SrO signature in Ref. [92]) or an increase of the peak width. It
is not possible to distinguish these two effects unambiguously from the spectra alone.
However, the additional intensity at the low binding energy side and the broadening
of the Ti and O lines suggest at least partly a contribution by an increase of the peak
width. The Sr 3d doublet can indeed be fitted with a single doublet and the resulting
peak width displayed in Fig. 4.8 (c) shows a similar behavior as the FWHM of the Ti 2p
and O 1s lines. Therefore, we assume that the broadening of the peaks is the main
process responsible for the observed spectral changes. The existence of an SrO surface
component for the low laser energy films as suggested from the additional peak in the
O 1s line can neither be verified nor falsified from the Sr 3d signal. In Fig. 4.7 (d) no
additional peaks are visible for the films grown in the range from 18mJ to 25mJ, but
as the contribution is expected to be small and only slightly shifted to the main line it
might be obscured by the broadening effect.
The most prominent effect within the series of XPS spectra for films grown with dif-
ferent laser fluences is the broadening of the peak width as summarized in Fig. 4.8.
For Ti, Sr and O lines the result of fitting of the in situ spectra consistently reveals
a trend of increased FWHM for mid range laser energies with a maximum at 25mJ.
Interestingly, a more or less constant peak width is measured if the films have been
at ambient conditions prior to the measurements. Most notably this effect is already
observed on the 30mJ sample, which has been at air for only 30 minutes even though
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Fig. 4.8: FWHM extracted from fits for spectra measured in situ and after one month at
air. For the in situ films an increased FWHM is observed for fluences not to far from the
stoichiometric point. (All lines are guides to the eye.)
no significant adsorbate signal is accumulated during this time4. Further exposure to
ambient conditions for more than one month did not significantly alter the peak width
any more.
It is speculated that the observed peak broadening is due to surface charging effects. Sto-
ichiometric SrTiO3 crystals are highly insulating and therefore our thin films grown close
to stoichiometric conditions are also expected to reveal a high resistivity. Even though
dual beam neutralization was employed in order to compensate charging effects, some
minor peak broadening due to differential charging of the sample could still be present
if the neutralizing currents are not set perfectly. This would explain why we observe
large FWHM for mid-range fluences as these films are nearly perfect insulators while the
more defect rich films for more extreme fluences show enough conductivity to eliminate
this effect. Moreover this model can explain the data for the ex situ measurements.
Even after short contact with air surface contaminations (for example a thin water film)
adsorb to the sample. Theses contaminations usually increase the surface conductivity
and will therefore minimize the charging effect.
At this point we want to emphasize again that apart from the FWHM no variation
of the spectral line shape was observed within this fluence series. Therefore, the Fe-
doped SrTiO3 films seem to maintain the SrTiO3 perovskite lattice without evolution of
significant secondary phases even for quite drastic off-stoichiometry. This observation
is in accordance with a similar study on PLD grown SrTiO3 by Breckenfeld et al. [93]
and reflects the high capability of SrTiO3 to accommodate non-stoichiometry within the
perovskite lattice.
After the discussion of the SrTiO3 main components we now turn to the spectroscopic
4Unfortunately no direct comparison of in situ data and data after 30 minutes exposed to air are
available, but following the trend in Fig. 4.8 for the in situ measurements on a 30mJ sample a
significantly increased peak width would be expected
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signature of the Fe dopant. In Fig. 4.9 (a) the Fe concentration is presented for films
grown at different laser fluences. The data can be grouped into two regimes of low
laser energies (18mJ to 25mJ) and high laser energies (30mJ to 45mJ). For low laser
energies the films show roughly the nominal concentration of 2%Fe. In contrast, the Fe
concentration of the high laser energy films is massively increased up to nearly three
times the nominal value. This effect is also directly visible in the high intensity of the
















Fig. 4.9: (a) Fe/Ti ratio of PLD thin films grown with different laser energies as deter-
mined from XPS measurements under θ = 45◦. (b) The angular dependent measurements
on the 30mJ film reveal an increase of the Fe concentration at the surface.
For the 30mJ film the Fe/Ti ratio has also been measured for different detection angles.
As presented in Fig. 4.9 (b) a clear increase of the Fe concentration at the surface is
detected. Although no angular dependent data are available for the other laser energies,
a similar effect is likely for all films grown at high laser fluence which reveal the apparent
high Fe concentration. From these XPS data alone it is not possible to deduce whether
the surface region of the film is just enriched with Fe (maybe due to an increased defect
density at the surface) or whether some Fe ions are not incorporated in the lattice and
accumulated within some kind of excess phase on the surface of the sample. We will
discuss these open questions after presentation of additional experimental evidence at
the end of chapter 4.3.1.
In contrast to the results on the SrTiO3 main components, the Fe 2p spectral line shape
reveals a dependence from the laser energy. All spectra presented in Fig. 4.10 consistently
show a main component at EBind = 710 eV. Moreover, an additional component is visible
at smaller binding energies, which increases for increasing laser fluence. This component
is accompanied by an increasing satellite at EBind = 715 eV and can be explained by a
lower Fe valence state [94]. The detailed discussion of the fluence dependent Fe oxidation
state is postponed to chapter 4.3.1 where additional X-ray absorption measurements are
presented.
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Fe 2p



















Fig. 4.10: Fe 2p XPS core level spectra for PLD thin films grown with different laser
energies.
4.3 Characterization of the oxidation state by XAS
In order to study the incorporation of Fe into SrTiO3 thin films grown by PLD in
more detail we performed X-ray absorption spectroscopy (part of this chapter has been
published in Ref. [95]). The data presented in this chapter have been acquired during two
independent beamtimes. The Fe-concentration series and annealing studies have been
performed at the I311 beamline at Max-lab in Lund, Sweden. The room temperature
spectra and the fluence series have been acquired at the APE beamline at Elettra in
Trieste, Italy. The sample set for the fluence series studied at Elettra is identical to the
samples used in the XPS study in chapter 4.2. The films measured at Max-lab have
been prepared in another PLD chamber with similar parameters and are all grown in
the Ti-rich energy regime5. The thickness of the films has been kept constant at a value
of 20 nm.
4.3.1 Fe absorption
In this chapter we will first establish a mixed Fe2+/Fe3+ valence state for our thin films in
slightly Ti-rich Fe:SrTiO3 after mild annealing in vacuum. Afterwards the dependence
of the Fe valence state from the film stoichiometry and the influence of annealing in
UHV is studied in more detail.
5The PLD parameters for the films measured at Max-lab are a substrate temperature of 700 ◦C, a
laser frequency of 5Hz and an oxygen pressure of 0.25mbar. The samples are known to be slightly
Ti-rich from measurements of the stoichiometry by XPS.
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Detection of Fe2+ states in Fe:SrTiO3 thin films
In Fig. 4.11 the TEY and AEY spectra obtained at the Fe L-edge are displayed for
Fe-doped thin films with different doping concentrations. As discussed in chapter 3.4
the different detection modes have different information depths. Calculations with the
QUASES-IMFP-TPP2M programme by Tougaard [96] with the parameters for pure
SrTiO3 obtained an inelastic mean free path of 4.6Å for the Fe Auger electrons at
Ekin = 45 eV used in AEY mode. TEY probing depths for Iron-oxides have been found
to be in the range of 3-5 nm by Gota et al. [97] (saturation effects which are generally
important for these Iron-oxides can be neglected for our thin film study due to the low
Fe concentration). Therefore, the XAS measurements in TEY mode probe an extended
surface region (several nm) of the film while the AEY measurements are only sensitive
to the electronic structure of the first few unit cells.
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Fig. 4.11: Fe L-edge XAS spectra for Fe doped SrTiO3 films and bulk FeTiO3 measured
in TEY mode (a) and AEY mode (b) after annealing to T = 300 ◦C (spectra normalized
and offset for better comparison). (Data measured at MaxLab)
As no load-lock is available at the vacuum system in Lund the samples have been an-
nealed for approximately 24 h to 150 ◦C during the bake out of the chamber. Afterwards
the samples have been annealed to 300 ◦C for approximately 1 hour under UHV condi-
tions to remove adsorbates. For comparison, a natural FeTiO3 ilmenite mineral was in-
cluded in our studies. The bulk FeTiO3 sample was cleaved in air and subsequently trans-
ferred into the vacuum system. Only minor contaminations by Mg and Ca could be de-
tected, verifying the chemical purity of the mineral sample.
The general shape of the Fe L-edge spectra can be described by two main peaks at
708.3 eV and 710 eV (labeled A and B, respectively) plus a low energy shoulder within
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the L3 edge and at least three components within the L2 edge. As a first important
finding one can clearly see that the iron concentration has no influence on the spectral
shape of the Fe L-edge of the SrTiO3 thin film samples. Interestingly, a clear difference
in the ratio of the two main peaks of the L3 edge is observed between the bulk sensitive
TEY and the surface sensitive AEY spectra of the SrTiO3 thin films. This indicates
that the electronic structure of the thin films differs significantly between the surface
and the deeper lying regions. In contrast to this, for the FeTiO3 reference sample, the
Fe L-edge spectra are nearly identical for the AEY and TEY method. In particular, the
intensity ratio of the two main L3-peaks in the FeTiO3 spectra is independent on the
measurement mode, pointing to a comparable electronic structure at the surface and in
the bulk.
In general, the interpretation of the Fe L-edge spectra can be performed either by
the comparison of the spectra with experimental XAS data on various oxides con-
taining Fe in well known oxidation states [54, 98100], for example FeTiO3 [58, 101
103] or by carrying out calculations for the different possible valence state scenarios
[49, 56, 57]. We have used the CTM4XAS program by E. Stavitski and F.M.F de
Groot [104], based on atomic multiplet theory, crystal field theory and charge transfer
theory, which enables calculations of the XAS spectra for an assumed electronic config-
uration and symmetry (Calculations performed by Dariusz Kajewski - see Ref. [95] for
details).
A set of calculations has been performed with Fe ions having a valence from 2+ to 4+,
placed in the center of an octahedron. Calculations assuming the presence of Fe oxida-
tion state 4+ show a spectral shape which is very far from the experiment. The absence
of a considerable Fe4+ contribution to the spectra is also confirmed by a comparison with
experimental data of the Fe4+ reference material SrFeO3 [54]. The best fit to the exper-
imental results was obtained by a combination of Fe2+ and Fe3+ components. Fig. 4.12
shows the spectral lines calculated for Fe2+ and Fe3+ and a fit to the experimental AEY
data of a 5%Fe:SrTiO3 film after annealing to 300 ◦C by adjusting the relative contribu-
tions of the different oxidation states. For a contribution of 66% divalent Fe the overall
agreement of the calculation with the data is good. In particular, the relative height of
peak A and B is reproduced by the calculated spectra.
From the comparison of our data with the calculation we can conclude that Fe is in-
corporated in the thin films in a mixture of Fe2+ and Fe3+ states. In a simplified
picture, the peak A at 708.3 eV is mainly connected to Fe2+ states, while peak B at
710 eV mainly steams from Fe3+ contributions. This is consistent with the experimen-
tal XAS spectra of Fe2+ and Fe3+ reference oxide materials FeTiO3 [102] and LaFeO3
[54].
Therefore, the observed change between AEY and TEY data of the peak ratio of the
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Fig. 4.12: Fe2+ and Fe3+ spectra as modeled with the CTM4XAS program by E. Stavitski
and F.M.F de Groot [104] (lower part). Fe L-edge XAS spectrum for the 5%Fe doped
SrTiO3 film measured in AEY mode after annealing to 300 ◦C and result of fitting for
mixed valence (upper part).
two L3 peaks (see Fig. 4.11) can be attributed to a change in the Fe2+/Fe3+ ratio. By
fitting the calculated Fe2+ and Fe3+ spectra to the experimental data we can quantify
the amount of Fe2+ contribution within a range of 5%. While the surface sensitive AEY
spectra indicate 66% contribution of Fe2+ the more bulk sensitive TEY spectra can be
reproduced by assuming a 37% Fe2+ contribution in the calculations. The comparison of
the different detection methods therefore clearly shows an increased Fe2+ contribution
at the surface.
The results of the calculations are further supported by the reference FeTiO3 sample.
For natural ilmenite it has already been shown in literature that a combination of Fe2+
and Fe3+ states appears due to Fe2O3 precipitations [101, 103]. Therefore the similar
spectral shape of the films compared to FeTiO3 is consistent with the interpretation of
mixed Fe2+/Fe3+ valences in our SrTiO3 thin film sample.
In order to further elucidate the origin of the Fe2+ contribution, we compared the ox-
idation state of the Fe doped SrTiO3 films after different annealing treatments. In
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particular we measured the absorption spectra after the 24h bake-out at 150 ◦C and
after stepwise annealing to 300 ◦C (∼ 0.5h) and 630 ◦C (∼ 1h) under reducing vacuum
conditions. Fig. 4.13 shows the XAS spectra of the 5% Fe doped sample after different
annealing steps recorded in the TEY and AEY mode. A clear relative increase of the
peak intensity at 708.3 eV attributed to the Fe2+ state is observed after stepwise anneal-
ing to 630 ◦C. For the TEY (AEY) data a rising of the relative Fe2+ contribution from
23% (48%) to 43% (69%) can be extracted from the calculations. As we can observe
this effect also in TEY mode we can conclude that the Fe2+ states are not only limited
to the first few layers. For the 2%Fe:SrTiO3 film, a nearly identical behavior of the Fe
L-edge upon annealing was observed.

















































Fig. 4.13: Fe-XAS spectra for the 5% Fe-doped SrTiO3 film after thermal treatment in
UHV obtained with the TEY method (a) and the AEY mode (b) (spectra normalized and
offset for better comparison)(Data measured at MaxLab)
The high photon flux available at a synchrotron allows to additionally measure the
XPS Fe 2p core level spectra with high statistics. Fig. 4.14 shows the Fe 2p multiplet
for the 5%Fe doped film which shows a very complex line shape. In the literature
it has been shown that this line shape can be described by the multiplet structure
calculated by Gupta and Sen [94, 105, 106]. The multiplet structure for Fe3+ and
Fe2+ consists of 4 and 3 peaks, respectively. In order to reproduce the relatively broad
structure of our spectra it is necessary to assume Fe2+ as well as Fe3+ contributions.
We fixed the intensity ratio among the peaks of one oxidation state to the theoretical
values given by Grosvenor et al. [94] and assumed a FWHM of 1.1 eV for Fe3+ and
1.3 eV for Fe2+ peaks. For the fitting procedure a Shirley background was used and
an additional prepeak at low binding energies and a satellite peak due to shake up
processes are added. A mixture of roughly 60% Fe2+ states and 40% Fe3+ states can
reproduce the observed spectra very well confirming the mixed valence state. Due to the
overlapping of the multiplets (see Fig. 4.14) this quantification has a large error bar and
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4.3 Characterization of the oxidation state by XAS
This discrepancy between bulk samples and the PLD grown film has to be attributed to
the specific defect structure caused by the PLD growth under non-equilibrium conditions.
In order to analyze this effect in more detail we will now present the Fe L-edge for films
grown with different laser fluences and therefore varying defect structure. Moreover we
attempt to clarify whether the Fe2+ states are already present in the as prepared films
prior to any annealing.
Influence of film stoichiometry on Fe oxidation state
All previously presented results have been gained for slightly Ti-rich films. In order
to analyze the influence of the defect structure and stoichiometry of the SrTiO3 film
on the Fe valence state, we studied two extreme cases. The Fe L-edge spectra for a
heavily Ti-rich SrTiO3 film (grown at 45mJ) and a heavily Sr-rich SrTiO3 film (grown
at 18mJ) are displayed in Fig. 4.15 and reveal large differences. The presence of a strong
peak A for the Ti-rich film which has been assigned to Fe2+ contributions is in general
accordance with the results presented in Fig. 4.11 (a). The relative intensity of peak A
is even increased for the heavily Ti-rich film compared to the slightly Ti-rich SrTiO3
studied before.






































Fig. 4.15: TEY (black line) and PEY (red line) spectra at Fe L-edge for a Ti-rich
2%Fe:SrTiO3 film (a) and a Sr-rich 2%Fe:SrTiO3 film (b) after annealing to 150
◦C in
UHV for 1 hour. (Data measured at Elettra)
In contrast, the spectrum for the Sr-rich film exhibits a rather small peak A. From
literature calculations [49, 56, 57] as well as our calculations presented in Fig. 4.12 it is
known that a small peak at 708.3 eV is also present for a pure Fe3+ configuration. In
fact, the experimental reference material LaFeO3 which shows a pure Fe3+ configuration
in octahedral symmetry is very similar to the spectrum observed in Fig. 4.15 (b) [54].
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Consequently, we assume that the Sr-rich Fe:SrTiO3 film are in pure Fe3+ configuration
without any admixture of Fe2+ states.
At Elettra the extremely surface sensitive AEY detection channel was not available, but
it is possible to employ PEY detection to enhance the signal from the surface compared
to TEY (see chapter 3.4 for details). For the Ti-rich sample a small relative increase of
the Fe2+ signal is observed for the more surface sensitive PEY in qualitative accordance
to the observations in Fig. 4.11. For the Sr-rich film no spectral difference is observed
between PEY and TEY detection, which indicates a similar electronic structure for bulk
and surface.
In conclusion, the Fe valence observed in the Fe:SrTiO3 thin films after annealing to
150 ◦C in UHV depends strongly upon the growth conditions of the sample. For the
Sr-rich Fe:SrTiO3 film grown at a laser energy of 18mJ a pure Fe3+ configuration is
observed and no differences between surface and deeper lying regions are detected. In
contrast, the Ti-rich film reveals a strong contribution of Fe2+ states, which are enriched
at the surface of the film.
All measurements presented up to this point have been performed after mild annealing
of the sample in vacuum (in order to remove adsorbates and/or due to experimental
limitations). The analysis of as prepared films is complicated by a significant influence
of the synchrotron beam on the film. In order to demonstrate these beam-induced
changes a short scan of the L3 edge which can be acquired within one minute has been
repeated at the same position of the sample several times. As displayed in Fig. 4.16 (a) a






















































Fig. 4.16: Demonstration of time-dependent modification of the L3 line shape due to
beam-induced changes for a Ti-rich film (a) and a Sr-rich film (b) (all spectra measured
in PEY mode). The time given in the legend is the irradiation of the sample with the
synchrotron beam prior to the start of the respective spectrum. (Data measured at Elettra)
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drastic variation of the Fe L3-edge line shape is observed during the repeated acquisition
of several spectra of the as prepared Ti-rich film. While the first spectrum reveals a
mainly (although not purely) Fe3+ configuration, a considerable increase of the Fe2+
states is observed already during the first 10 minutes of irradiation with the synchrotron
beam. In contrast, the spectral line shape of the as prepared Sr-rich film is not subject to
any changes upon irradiation with the synchrotron beam.
In order to quantify this effect the relative peak intensity IB/IA is determined for a series
of spectra and plotted against the time of beam irradiation (see Fig. 4.17). The direct
evaluation of the peak intensities has been chosen as this procedure allows very accurate
comparison of the spectra and can illustrate the relative variation very well. Unfor-
tunately, due to the mixed contribution of both valence states to both peaks absolute
numbers of the Fe3+ contribution cannot be extracted without fitting to calculations
for the pure Fe2+ and Fe3+ compounds. However, as presented in appendix A.1 the
normalized intensity of peak B plotted on the right axis of Fig. 4.17 is proportional
to the Fe3+ contribution and a suited scale to display the relative reduction of the
film.
































Fig. 4.17: Variation of the peak ratio for the 45mJ sample with time due to irradiation
with the synchrotron beam. The Sr-rich film and all films after annealing are not influenced
by the beam and their respective peak ratio is included into the graph as horizontal lines.
Fig. 4.17 reveals a very fast decrease of the Fe3+ states during the first few minutes,
while the effect seems to slow down and level off after several tens of minutes. The effect
is very similar for TEY and PEY mode with a constant offset of the surface sensitive
PEY to higher Fe2+ contributions. For comparison, the beam-independent peak ratio
for the Sr-rich film with pure Fe3+ configuration is indicated as a blue dashed line. As
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it is also visible from the raw data in Fig. 4.16 even the first spectrum on the Ti-rich
film reveals a decreased peak ratio indicating the presence of Fe2+ states. Unfortunately,
it is inherently impossible to measure the Fe valence without at least a short time of
irradiation during the scan itself and thus it is also impossible to verify of falsify the
existence of Fe2+ states in the Ti-rich films prior to irradiation with the beam. However,
due to the fast variation during the first minutes it appears likely that the observed Fe2+
states are induced during the scan itself.
Independent of the question whether a small amount of Fe2+ states is already present
before the start of the measurements our results show clearly that the Fe valence in the
Ti-rich films is extremely unstable and the films are highly reducible. The irradiation
with the synchrotron beam offers a small activation energy similar to the annealing at low
temperatures. In fact the stationary state which is achieved after prolonged irradiation
is roughly comparable to the situation after annealing at 150 ◦C. Consequently, after
annealing no modification of the sample under the beam is observed any more (see
dotted line in Fig. 4.17). However, further annealing to 220 ◦C which provides even
higher activation energy resulted in a further reduction as visible in an increase of the
Fe2+ contribution consistent with the trend observed upon annealing of the slightly
Ti-rich films in Fig. 4.13.
Further experiments revealed that the observed reduction of the films under UHV con-
ditions is a reversible process. One Ti-rich sample has been annealed in UHV to 150 ◦C
resulting in a stable configuration with a significant amount of Fe2+ states. Subse-
quently, it was removed from the UHV system and stored for 24h at ambient conditions.
Remeasuring this sample afterwards revealed the same behavior as the as-prepared sam-
ples, i.e. a beam induced reduction of the sample starting from a nearly pure Fe3+
configuration.
As a strongly different behavior was found for Sr-rich and Ti-rich films, it is worthwhile
to study the dependence of the Fe valence state for films grown with different laser
fluences. In Fig. 4.18 the peak ratio IB/IA measured in TEY mode is presented in
dependence of the laser fluence. For the films grown with a laser fluence ≤ 25mJ a
constant peak ratio is found, which is assigned to the pure Fe3+ state. For the films
grown at higher laser fluences an increasing amount of Fe2+ states is observed. For this
graph only spectra after irradiation with the synchrotron beam for at least 10 minutes
have been used in order to avoid large differences of the results during the first few
minutes of beam induced reduction. The data acquired on the as-prepared samples are
presented together with the data in PEY mode in the appendix in A.2 and reveal a
similar trend.
In summary, our detailed XAS study reveals a clear influence of the deposition condi-
tions on the Fe valence in Fe:SrTiO3 films. Two regimes can be distinguished according
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Fig. 4.18: Peak ratio IB/IA in dependence of the laser energy measured in TEY mode
after irradiation with the synchrotron beam. (Behavior in other detection modes and a
different beam induced reduction presented in A.2.)
to the laser energy used for ablation. Fe:SrTiO3 films grown at a energy E ≤ 25mJ
exhibit a pure Fe3+ configuration, which is stable upon annealing to 150 ◦C and irra-
diation with the synchrotron beam. For films grown at a laser fluence E ≥ 30mJ an
Fe3+ configuration can be assumed for the as-prepared film, but the Fe is easily re-
duced to Fe2+ by irradiation with the synchrotron beam or annealing to temperatures
as low as 150 ◦C. The highest Fe2+ contribution is thereby found for surface sensitive
measurements.
At this point it is important to discuss whether the observed changes in reducibility
of the Fe ion are due to an incomplete incorporation of Fe in the SrTiO3 lattice or a
truly increased reducibility of the entire Fe:SrTiO3 film which is made visible by the Fe
tracer ion. The analysis of the Fe/Ti stoichiometry by XPS (compare Fig. 4.9) revealed
a significantly higher Fe concentration than nominally expected for films grown at higher
laser energies. Additionally, a concentration gradient with higher Fe concentration in
the topmost layers was observed. These observations could be explained by a model
where the Fe ion is not (completely) incorporated into the SrTiO3 lattice for high laser
energies resulting in an accumulation of undissolved Fe atoms at the surface of the film.
The increased reducibility and the existence of the Fe2+ states would thus be correlated
to a Fe-rich surface phase.
However, our experimental results on the Fe concentration dependence contradict this
model. EELS investigations on similar films (see Fig. 2.2) verified the incorporation of
at least part of the Fe ions into the deeper layers of the SrTiO3 film. In addition to
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that, the Fe2+ contribution was found to be independent from the Fe concentration
(see Fig. 4.11). In a scenario which assumes a limited solubility of Fe ions in the SrTiO3
lattice, an increase of the overall concentration would result in an increase of accumulated
Fe at the surface. If the Fe2+ states would be connected to such a surface phase an
increased Fe2+ contribution is expected for higher Fe concentration in contradiction to
the experimental results.
We therefore propose that the observed increased reducibility of the Fe ion is indeed
correlated to a increased reducibility of the Fe:SrTiO3 film. This assumption is strongly
supported by the fact that films with a very high Fe2+ contribution also exhibit a certain
Ti3+ contribution (see next section Fig. 4.19). This gives direct proof that the reduction
takes places within the entire Fe:SrTiO3 film and is not limited to the Fe ions in some
excess phase. Within this model the increase of Fe2+ states at the surface could be
explained by a reduced reduction enthalpy at the surface [108, 109]. Moreover, as the
oxygen excorporation necessary for the reduction can only take place at the surface a
diffusion-limited oxygen vacancy profile with a high amount of oxygen vacancies at the
surface can be expected at low temperatures [18].
While the experimental evidence for the high reducibility of the films grown at high laser
energy is quite strong, at the current state the reason remains unclear. In particular,
the analysis is complicated by the fact that a variation of the laser fluence will not
only result in a different stoichiometry but also influences the ablation and deposition
process itself. Therefore, it is difficult to determine whether the different characteristics
of the films are due to the non-stoichiometry of the sample induced by different laser
energies or due to other differences in the PLD growth (for example a higher defect
density).
4.3.2 Ti and O absorption
As already mentioned before it is highly interesting to compare results gained from the
spectra of the Fe-dopant with the corresponding spectra of the host lattice SrTiO3. In
Fig. 4.19 (a) the Ti absorption spectra of 2%Fe:SrTiO3 films grown with different laser
fluences (Sr-rich at 18mJ and Ti-rich at 45mJ) are displayed. As only spectra after
annealing to 150 ◦C are considered no influence of beam-induced reduction is expected.
The spectra reveal the typical four-peak structure composed of the L3 and L2 edge, each
split into t2g and eg level as expected for a Ti4+ configuration in octahedral symmetry (see
chapter 2.3.1). For the Ti-rich film clearly additional intensity is visible in the minima
between the t2g and eg peaks. This can be attributed to a small Ti3+ contribution and
therefore a slight reduction of the sample. In contrast, the Sr-rich film exhibits a perfect
Ti4+ configuration.
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These results are in accordance with our previous findings at the Fe L-edge, which re-
vealed that the Ti-rich films are easily reducible and show a significant contribution of
Fe2+ states after annealing to 150 ◦C. As a reference the respective Fe L-edge spectra are
reproduced again in Fig. 4.19 (b). The direct comparison reveals that the drastic varia-
tion of the Fe L-edge is accompanied by a rather minor change of the Ti L-edge. This can
be explained by the energetically preferred reduction of Fe-ions compared to Ti as visible
in the Ellingham diagram [1]. Moreover, due the low overall concentration of the dopant
even small absolute variations of the material can give rise to significant relative changes
on the Fe L-edge. Therefore, this comparison also shows nicely that Fe-doping can be
used as a sensitive probe for the amount of oxygen vacancies. For example in contrast to
the drastic change between Sr-rich and Ti-rich films, the smaller differences upon reduc-
tion during the annealing series is not visible in the Ti L-edge at all [95]. In fact, analysis
of all available Ti L-edge spectra reveals that a variation of the Ti oxidation state is only
detected if the Fe oxidation state changes drastically.































Fig. 4.19: (a) Ti L-edge absorption spectra (spline-background subtracted) for
2%Fe:SrTiO3 films with different stoichiometry measured in partial electron yield after
annealing to 150 ◦C. (b) Fe L-edge XAS measured at the same conditions.(Data measured
at Elettra)
Unfortunately it was not possible to acquire the O K-edge on samples with different
stoichiometry at Elettra. The measurements of the O K-edge in AEY detection during
the annealing series are presented in Fig. 4.20. The observed spectral shape reflects the
hybridization of the oxygen p-orbitals with metal states and is in good accordance with
literature results for SrTiO3 single crystals and thin films (see chapter 2.3.3). Although
a considerable variation of the Fe valence is observed upon annealing the spectral shape
of the O K-edge remains unchanged.
In summary, the reduction apparent from the drastic variations of the Fe valence does
not lead to a significant variation of the O and Ti spectra. Apart from the displayed
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Fig. 4.20: O K-edge XAS spectra of Fe-doped SrTiO3 film after thermal treatment in
UHV obtained with the use of AEY method (spectra normalized and offset for better
comparison). Assignment of hybridized bands in O K-edge after Ref. [21]. (Data measured
at MaxLab)
spectra, the invariance of the O and Ti spectra is also true for different Fe concentra-
tions and comparison of different detection modes. Therefore, it is necessary to rely
on the investigation of tracer ions if minor changes in the electronic structure shall be
studied.
4.4 Element specific valence band contributions by
RESPES
Within the last chapter the oxidation state of the Fe dopant in Fe:SrTiO3 films has
been elucidated by XAS. However, in order to fully describe the role of Fe-doping it is
furthermore desirable to understand the influence of the dopant onto the valence band
structure. Thus, the Fe:SrTiO3 films have been characterized with resonant photoelec-
tron spectroscopy to determine the contributions of the atomic orbitals to the valence
band. The measurements were performed at beamline I311 at Max-lab synchrotron in
Lund, Sweden. The corresponding X-ray absorption spectra presented in chapter 4.3
are used to determine the photon energy of the absorption edge which are used for the
on-resonant spectra. Off-resonant spectra are acquired at a photon energy just before
the absorption edge in order to directly compare the resonance effect. As the difference
in photon energy is typically below 10 eV the effect of changed cross sections with photon
energy can be neglected relative to the resonance effect.
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4.4.1 Ti- and O-resonance
In Fig. 4.21 the on and off-resonant valence band spectra for photon energies at the
titanium and oxygen absorption edge are depicted. On the right side of the valence
band spectra the XAS-spectra are reproduced to indicate the photon energies used.
The presented data have been taken from a 2%Fe:SrTiO3 slightly Ti-rich sample after
annealing to 300 ◦C. Similar RESPES measurements have been performed for Fe-doped
films with concentrations from 0% to 5%, annealing temperatures from 150 ◦C to 630 ◦C
and Sr-rich samples. For all of these films similar resonance effects without any significant
qualitative differences have been observed.
At the titanium resonance (see Fig. 4.21 (a)) a strong enhancement of the intensity is
visible for the entire valence band with a larger relative increase of the peak around
6.5 eV. The resonance effect for photon energies close to the oxygen absorption edge is
depicted in Fig. 4.21 (b) and (c). For the oxygen resonance the typically used resonance
spectra gained with photon energies directly before the absorption edge and at the
first absorption peak shown in Fig. 4.21 (b) is masked by two additional peaks. These
peaks can easily be identified as artifacts not connected to the resonant process as the
calculated binding energy changes with photon energy. The peak labeled as Auger peak
is the tail of the oxygen KLL Auger line at a kinetic energy of about 513 eV. The "second
order" peak is due to the O 1s XPS core level electrons excited by photons with doubled
frequency which cannot be filtered from the synchrotron beam by the monochromator
(so-called second order light). In order to get a clearer signature of the enhancement of
the oxygen contribution to the valence band another set of on- and off-resonant photon
energies is shown in Fig. 4.21 (c). Although both resonances are not identical we can state
that oxygen states are distributed over the entire valence band range and probably show
a higher contribution to the valence band peak at 4.5 eV.
Our results are in good accordance with experimental and theoretical literature data
[23, 72, 110]. As already presented in chapter 2.1 the valence band is mainly composed
of the O-2p bands with some admixture of Ti-3d orbitals mainly located at higher
binding energies. Our data directly confirms the concentration of the titanium derived
states at higher binding energies. Moreover the strong hybridization is visible by the
fact that both resonances enhance the entire valence band structure. It is important
to note that in spite of the apparently stronger enhancement at the Ti edge our data
are still compatible with the calculated main contribution of O-states as very large Ti
and small O cross sections obscure a direct quantitative comparison of the intensities
[110].
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Fig. 4.21: Valence band spectra of 2%Fe:SrTiO3 (Ti-rich) at the Ti- (a) and O-resonance
(b,c). The photon energy used for on- and off-resonant spectra is indicated in the respective
XAS spectra on the right side.
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4.4.2 Fe-resonance
The main goal of our RESPES study was to clarify the contribution of Fe-states to
the valence band in Fe-doped thin films. In Fig. 4.22 (a) a 2-dimensional RESPES map
for the Fe absorption edge is displayed. Clearly resonance enhancement can be seen at
the photon energies corresponding to peaks A and B in the Fe-XAS spectra, which can
roughly been assigned to Fe2+ and Fe3+ contributions, respectively (see section 4.3.1).
At the resonant photon energies additional intensity is also found above and below the
characteristic valence band features.
In Fig. 4.22 (b) the off-resonant valence band spectrum is plotted together with the on-
resonant spectra at hν = 708.3 eV and hν = 710.0 eV. The measurement range has been
chosen to include the first core levels (O-2s and Sr-4p level) around 19 eV. As these core
levels are not influenced by variation of the photon energy around the Fe absorption edge
this peak was used to normalize the spectra and to calibrate the binding energy scale. At
both resonant photon energies a distinct resonant enhancement is observed over a wide
range of binding energies. The fact that Fe states are resonating over the entire valence
band is a hint on the hybridization with the electronic band structure of the SrTiO3 host
crystal. Interestingly, clear resonance effects are also visible at higher binding energies
than the valence band region (see Fig. 4.22 (a) and (b)). Lad et al. [111] performed
a similar resonance study on iron-oxides and also reported the Fe 3d-derived states to
extend up to a binding energy of 16 eV. Crystal field theory was able to describe some
features at the top of the valence band, but couldn't explain the observed intensity above
9 eV. Instead, including covalency effects into the calculations by allowing a ligand-to-
metal charge transfer was necessary to account for this observations. Therefore the
observed resonance effects at high binding energies can be interpreted as a signature of
significant covalency effects in the Fe-doped SrTiO3 film.
In general, the top of the valence band is most important for the macroscopic electrical
behavior. In a previous XPS study on iron-doped SrTiO3 thin films additional inten-
sity was found in the band gap region compared to undoped films [112]. Through our
RESPES analysis it is possible to investigate these additional states in more detail and
verify the proposed interpretation as Fe defect states. In Fig. 4.22 (c) it is clearly visible
that Fe-states extend further into the band gap. Without enhancement of the Fe-states
the valence band maximum (VBM) is found roughly at 2.95 eV in accordance to similar
measurements [11]. We note that assuming a band gap of 3.2 eV the Fermi energy is
thus close to the conduction band and the films can be considered as n-doped. This
fact is explained by an overcompensation of the Fe-acceptor doping by oxygen vacancies
which are induced into the thin film during PLD growth.
However, a detailed investigation of the off-resonant spectrum reveals a small tail of
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Fig. 4.22: (a) RESPES map of valence band spectra measured with different photon
energies covering the Fe-resonance. (b) Spectra at characteristic photon energies of the Fe
absorption spectra reveal strong resonance effects. The inset indicates the photon energies
in the Fe-XAS spectrum. (c) Zoom on the valence band region to highlight the details.
additional intensity which extends into the band gap. The enhancement of the Fe-
states in the resonant spectra clearly identifies this additional intensity as Fe-derived
signal and shifts the VBM to 2.25 eV and 0.85 eV for Fe3+ and Fe2+ states, respectively.
Therefore the effective band gap is reduced due to iron-doping, which could influence
the macroscopic electrical characteristics.
The relative energetic position of the Fe2+ and Fe3+ states can be understood within a
very simple screening model. The additional electron on the Fe ion in Fe2+ configuration
contributes to the screening of the core potential, which results in a lower binding energy
for the valence electrons compared to the Fe3+ configuration. The detailed energetic
position of Fe defect levels in SrTiO3 have been subject to several studies in the past
and according to literature results the Fe3+ level is expected to lie roughly 1 eV above the
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valence band, while the Fe2+ is located slightly below the conduction band [11, 113, 114].
Therefore our RESPES data are in good qualitative agreement with former reports
mainly based on optical absorption measurements.
For further analysis the partial density of Fe-states is calculated by subtraction of the off-
resonant spectra from the on-resonant spectra and presented in Fig. 4.23. For comparison
the partial density of states (pDOS) in iron-oxides as measured by Lad et al. [111] at
the 3p absorption edge (M-edge) is reproduced below. The pDOS calculated for the
resonance at hν = 708.3 eV (photon energy of mainly Fe2+ absorption peak as discussed
in chapter 4.3.1) shows strong similarity with the pDOS for FexO (x=0.945), which is a
Fe2+ compound. Likewise the resonance at hν = 710.0 eV resembles the signal from the
Fe3+ compound in Fe2O3.
(d)(c)
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Fig. 4.23: Upper part: Partial density of states created by subtraction of on- and off-
resonant spectra for hν = 708.3 eV (a) and hν = 710.0 eV (b) (thick colored line shows
smoothed data). Partial density of states for Fe3+ compound Fe2O3 (c) and Fe
2+ com-
pound FexO (d) measured by Lad et al. [111]
In general, the electronic structure of valence band electrons in an ionic system is mainly
determined by the valence state and the nearest neighbors. Consequently, the close
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similarity of the pDOS confirms again the assignment of the characteristic peaks in
the XAS spectrum to Fe2+ and Fe3+ signals and indicates a similar local environment
in both materials. In both iron-oxides the Fe cation is surrounded by six oxygen ions
in approximately octahedral coordination [111]. Assuming the incorporation of the Fe
ion into the thin film on the Ti lattice site (see chapter 2.1), the same configuration
of the nearest neighbors is indeed found in our thin films. Nevertheless, inspecting all
details of the pDOS slight differences of the peak positions and relative intensities are
apparent between iron-oxides and iron-doped films6. This is probably an indication for
the distinctly different long range order of the two materials. Altogether these data
are therefore not in contradiction with an incorporation of Fe ions with Fe2+ and Fe3+
valence state into the SrTiO3 lattice on the Ti lattice site.
6It is noted that part of the differences, especially regarding the relative intensities, could also be due
to different cross sections at the L-edge (thin film data) and at the M-edge (Ref. [111])
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In order to study the microscopic origin of resistive switching in VCMmaterials transmis-
sion X-ray microscopy (TXM) can be applied (see chapter 3.6). While all spectroscopic
techniques based on electron detection have a limited information depth in TXM mea-
surements the whole volume of the sample contributes to the signal. However, due to
the transmission geometry it is necessary to prepare photon-transparent samples, which
should exhibit a final thickness below 100nm. In a first step we therefore studied poly-
crystalline films, which can be sputtered on thin Si3N4 membranes. Investigation of
epitaxial films in transmission geometry is more challenging as a bulk single-crystalline
substrate is needed during preparation of the epitaxial film, which contradicts the request
of a photon-transparent sample. Consequently different approaches of sample prepara-
tion have been tested and will shortly be presented within this chapter. Afterwards the
most promising route of sample preparation is discussed in more detail and the results
are presented.
5.1 Investigation of polycrystalline samples
5.1.1 Sample preparation
The straightforward way to achieve a final sample thickness below 100nm is to use
a thin substrate. For this work we used commercially available Si3N4 (SiN) mem-
branes from Silson Ltd. The membranes have an outer diameter of 3mm suited for
a TEM/TXM sample stage and offer a freestanding 30 nm thick SiN-film with a window
size of 250µm. 30 nm of Ta as bottom electrode and 20 nm of SrTiO3 (doped with 1%
Mn) as active film were subsequently sputter deposited onto the membranes by Sebastian
Schmelzer (IWE, RWTH Aachen) [115]. The top electrode is produced by deposition
of 8 nm of platinum and optical lithography. The final sample layout is sketched in
Fig. 5.1 (a).
In order to process the membranes the standard lithography process was adapted to
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these small and fragile samples. The use of the ultrasonic bath for the cleaning steps
has to be omitted. Regular dicing tape is used to mount the small samples to the
spin-coater, whereby best results were achieved if the sample is located slightly off the
center of the spin-coater. Due to the small size of the samples the edge bead was highly
problematic as it covered nearly the whole sample area. Therefore, the resist was diluted
with a resist thinner in 1:1 ratio. Subsequently, the exposure and development times
have been reduced to 25 s and 35 s respectively. With this adapted procedure it was
possible to produce well defined structures below 10µm on the small membranes. After
RIBE etching the resist was removed by immersing the sample in acetone overnight,











Fig. 5.1: (a) Sample layout of MIM structure on top of SiN membrane. (b) Microscopy
image of a membrane showing the distortion after switching.
For the electrical treatment of the MIM structure the Ta bottom electrode is contacted
by wire bonding. If special caution is exercised, it is possible to directly contact the
Pt-pads on the membrane with a thin probing needle. On reference pads next to the
freestanding SiN window resistive switching was observed. The pads are formed with
−10V into 500µA current compliance and afterwards eightwise filamentary switching
is observed in the range from -5 to 5V. Unfortunately, no resistive switching could
be realized on the thin membrane films. Although initially similar current values are
observed, typically a sudden current drop takes place during the forming process or the
first switching cycle. Afterwards heavy distortion of the membrane (see Fig. 5.1 (b))
or small holes in the membrane are visible. We assign this to the lack of the thermal
heat sink, which is usually provided by the substrate. We propose that in the moment
the forming takes place high electrical currents occur for a very short time (below the
detection limit of the electrical tester). During this time high temperatures are generated
due to Joule heating which immediately create the observed holes and distortions. As a
consequence the electrical contact of the needle to the pad is deteriorated, which explains
the sudden current drop.
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5.1.2 Structural analysis by TEM
After electrical treatment the samples have been investigated by transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX). The measurements
have been performed by S. Roitsch at a FEI Tecnai in the Ernst-Ruska Center (Jülich).
All images presented in this chapter are bright field images. In Fig. 5.2 (a) an overview
image is displayed for a pad, which showed a sudden decrease of the current during
constant-voltage forming at −15V. A single crater region with severe structural mod-
ifications within an otherwise unmodified pad can be seen. In the middle of the crater
a very bright contrast is visible, which has been proven to be a hole in the membrane
by selected area electron diffraction and EDX. We propose that the massive modifica-
tion around the crater is due to the development of very high temperatures for a short
time during forming. As no heat sink is available, the membrane is decomposed, which
creates the hole in the center of the crater.
Detailed images of the crater region surrounding the hole are displayed in Fig. 5.2 (b)-(e).
Five different regions with characteristic features are marked in Fig. 5.2 (d). The EDX
analysis of the basically undisturbed region 5 reveals all expected elements included in
the sample stack i.e. Si, N, Ta, Sr, Ti, O and Pt. Approaching the center of the crater,
spherical structures with a diameter of up to 150nm (region 3) are observed, which
are embedded into a region with a very fine granular structure (region 4). In principle
the peak intensity of the EDX measurements can be used to follow variations in the
elemental concentration. However, apart from the intrinsically low accuracy of EDX
concentration measurements the overlapping of several peaks and the lack of a suitable
reference peak with constant intensity leads to very large error bars. Therefore in this
case only significant relative variations can be detected. Within these limitations region
4 shows no significant deviation compared to region 5. In contrast, for the spherical
structures of region 3 a significant increase of the relative Pt concentration compared
to the surroundings can be observed. In region 2, a thin dark line with a very high
Pt EDX-signal is observed (compare also Fig. 5.2 (c) and TXM contrast in Fig. 5.5 (b)),
while the innermost region 1 does not show any Pt contribution. Within the innermost
region additionally tungsten was detected by EDX, which indicates that the probing
needle contacted the pad directly at the position of the hole. This coincidence of the
crater and the contact position of the needle might be due to small scratches in the
Pt layer from the contacting or the additional pressure of the needle itself, which could
create additional defects.
In order to extract all information from the TEM images one should recall the contrast
mechanism in bright field TEM. In this case the image intensity is determined by the
amount of scattering the electrons experience within the sample [116]. Therefore the
atomic mass of the elements i.e. the probability for a scattering event and the thickness
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Fig. 5.2: (a) Overview TEM image of a switched pad on a SiN membrane revealing a
single crater region. (b)-(e) Details of the crater region (the colored boxes marked the
approximate zooming area). With EDX it was verified that the middle of the crater is an
actual hole with no material at all and the black line surrounding the crater (see (c)/(d))
is due to a high Pt-contribution.
of the sample i.e. the number of scattering centers determine this contrast. Consequently
dark contrast in the TEM image indicates high concentration of elements with high
atomic mass like Pt and/or an increased sample thickness, while bright contrast is due
to lighter elements and/or a reduced sample thickness.
In the thin line marked as region 2 we observe dark contrast and a high Pt EDX signal
which could be explained by accumulation of additional Pt in this area. As region 1
reveals no Pt signal, we propose that the Pt is melted during the electrical treatment,
driven away from the center (region 1) and piles up in the observed line (region 2).
The situation in the spheres of region 3 is a little bit more complex. Even though a
higher relative Pt concentration is observed by EDX, we detect a bright contrast in
the TEM image. This discrepancy can only be explained by a significantly reduced
overall thickness of the sample in this areas. Indeed we propose the evolution of gas
bubbles which displace the SrTiO3 layer and therefore create an increased relative Pt
concentration combined with overall less scattering material. A corresponding model
70
5.1 Investigation of polycrystalline samples
will be discussed after the presentation of the TXM measurements and is schematically
shown in Fig. 5.9.
Another interesting observation is presented in Fig. 5.3. High magnification images of the
pad reveal a polycrystalline structure, which stems from the sputtered Pt-top electrode.
On the virgin pad as well as in regions far away from the crater a quite fine granular
structure is observed, as expected for sputtered films. Interestingly, a region which
extends roughly 700nm around the crater shows a significantly increased crystallite size.
We propose this is due to a thermal effect during the electrical switching. The localized
Joule heating within the crater region can give rise to considerable heat evolution, which
will result in a temperature gradient between the locally heated crater region and the
outer regions. Although Pt has a very high melting temperature, it was shown in
literature that a considerable increase of the crystallite size of sputtered Pt films is
already observed at annealing temperatures of 500 ◦C [117]. Recent calculations revealed
that this temperature is indeed realistic during switching in SrTiO3 [34]. Therefore the




Fig. 5.3: TEM image of the crater region. A circular area with a thickness of 500 nm
700nm around the crater shows significantly increased Pt crystalite size. This could be
explained by a recrystallization due to high temperatures during electrical treatment.
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5.1.3 Micro-spectroscopic analysis by TXM
While TEM studies provide insight into the structural changes upon electrical treatment
with very high lateral resolution, we performed TXM measurements to additionally in-
vestigate the electronic structure of our resistive switching devices. In Fig. 5.4, a TXM
image of a virgin pad is depicted together with the corresponding Ti L-edge spectrum.
Due to the additional absorption by the Pt top electrode the pad area can easily be
identified. However, no relative contrast variations within the image are observed upon
tuning the photon energy over the Ti absorption edge, which is evidence for a homo-
geneous Ti intensity and valence state. The black line in Fig. 5.4 (b) represents the
spectrum found on the virgin film prepared by sputter deposition. For comparison, a
spectrum recorded for an epitaxial film is displayed below (see also chapter 5.2.2). As
the spectra have been measured under the same conditions in direct succession, shifts
of the photon energy scale are not expected and the spectra can be compared directly
without any correction of the energy scale. While the characteristic four peak structure
is visible in both spectra, in the spectrum of the sputtered SrTiO3 film the eg peaks are
considerably shifted to lower photon energies. Consequently, the splitting between t2g
and eg peaks of the L3 edge is reduced from 2.3 eV to 1.9 eV (same trend at the L2 edge).
Additionally for the sputtered film all peaks are significantly broadened and the relative
intensity of the eg peak is increased.
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Fig. 5.4: (a) TXM image of virgin pad at hν = 459.4 eV. Contrast is due to additional
absorption by Pt top electrode. (b) Ti L-edge spectrum of sputtered SrTiO3 on virgin
pad. Direct comparison to spectrum of epitaxial SrTiO3 reveals a shift of the eg lines by
0.4 eV.
The observed splitting of 2.3 eV on the epitaxial film is in agreement with other measure-
ments on epitaxial films throughout this work (see for example chapter 4.3.2) as well as
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literature data on polycrystalline [50] and crystalline SrTiO3 samples [118, 119]. Thus,
the observed shift of the eg peaks must be explained by a deviation of the electronic or
crystalline structure of the sputtered film. As the SrTiO3 has been sputtered below the
crystallization temperature, it is probably in an amorphous state [115]. In the amor-
phous configuration the symmetry is strongly distorted but still dominated by a roughly
octahedral coordination on the local scale. As discussed in chapter 2.3.1 the reduced
symmetry could explain the broadening of the peaks, while the typical structure of four
main peaks is maintained due to the locally octahedral coordination. In addition to the
distortion of the crystal field symmetry, also a decrease in crystal field strength could
be expected in amorphous material due to changes in the bonding lengths. According
to multiplet calculations a reduction of the crystal field parameter 10Dq will result in a
decrease of the t2g-eg peak separation together with a relative intensity increase of the eg
compared to the t2g lines [41, 42]. Qualitatively this is in good agreement with the com-
parison between epitaxial and sputtered films. However, de Groot et. al stated that the
peak splitting, although correlated to the crystal field strength, is not directly linear to
10Dq [42]. According to their calculations even for a value of 10Dq≈0 the splitting is at
least around 2 eV. Additionally very small 10Dq values also lead to very low intensities
of the t2g lines, which is in contrast to our data.
Unfortunately, experimental Ti L-edge reference spectra of amorphous SrTiO3 are not
available in the literature. However, for sputtered TiO2 a study on the crystallization of
an amorphous film by annealing has been reported [13]. The authors clearly present a
smaller t2g-eg splitting for the amorphous film compared to the crystallized phase, which
supports a similar scenario for the SrTiO3 films. In general, apart from this structural
aspects changes in the electronic structure (i.e. a reduction see chapter 2.3.1) could be a
possible explanation for the shift of the eg line. However, in order to explain the observed





Ti0.4O2.8 would be necessary (estimated by comparison with reference spectra
by Abbate et al. [50]). The assumption of such a heavily reduced film is in contrast
to the observed high resistance of the films in the virgin state. Therefore we assign
the observed deviations of the sputtered film only to the variations of the crystal field
due to the amorphous state. Probably the calculations fail to quantitatively describe
the observed t2g-eg splitting, because they are limited to perfect octahedral symmetry,
which is definitively not the case in an amorphous film.
In Fig. 5.5 TXM images of a pad after electrical treatment are displayed. The images
shown in Fig. 5.5 (a) and (b) are acquired at hν = 454 eV i.e. for photon energies
smaller than the resonant titanium absorption edge. Therefore the visible contrast is
due to the thickness and Z-value of the material (higher Z-value / atomic mass usually
results in higher absorption) and similar to the results obtained with TEM. Most of
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the pad appears homogeneous similar to the virgin reference pad, but one crater region
with severe modifications can be observed. Even the small details as for example the
spherical structures surrounding the crater are well resolved and demonstrate the high
lateral resolution available in TXM. From the TEM/EDX investigations presented in
the previous section it is known that the middle of the crater is a hole in the membrane







Fig. 5.5: Overview (a) and detailed microscopy image (b) of a pad with a crater due to
electrical treatment at hν = 454 eV. (c) Normalized intensity at the L3 eg peak (added up
hν = 459.2 eV...459.6 eV). The Pt line identified with EDX (partly marked in green) is at
a different position and therefore not the reason for the dark contrast in the normalized
image of panel (c).
The additional spectroscopic information of TXM is gained by scanning the photon
energy over the titanium absorption edge. In order to remove the contrast due to thick-
ness and Z-value several images in the photon energy range before the Ti L-edge are
averaged and used to normalize the data stack. Afterwards all remaining contrast is
due to variation in Ti intensity or spectral shape. In Fig. 5.5 (c) this titanium-based
contrast is presented for a photon energy at the L3 eg peak (sum of images within
hν = 459.2 eV...459.6 eV to reduce noise). Most notably an additional circular bright
contrast is visible in the first 200nm around the crater region. This highlights the addi-
tional and complementary information included in TXM measurements as no hints on
this contrast are visible with TEM. While in the TEM images the Pt recrystallization
up to a distance of roughly 700nm around the crater has been visible, the TXM mea-
surements reveal a Ti-based contrast in an area of 200nm around the crater. As Ti
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L-edge TXM cannot probe the Pt crystallite size and TEM is not sensitive to valence
changes only the combination of both techniques allows full characterization of the sam-
ple. Although both modifications might have been caused by the same effect (i.e. high
temperatures during switching) we emphasize that they are not observed in the same
area.
Additionally we want to stress that the dark contrast observed within the crater region
in the normalized image (panel (c)) is not at the same position as the Pt line in panel
(b). This proves that the normalization procedure successfully removes all thickness
contrast and only real titanium contrast remains.
In order to analyze the distribution of Ti valence within the crater in more detail and to
separate contrast due to intensity changes from valence changes the absorption spectra
are extracted from the data stack. In Fig. 5.6 (a) two very distinct spectra are dis-
played. The lower spectrum is created from a region far away from the crater and
closely resembles the spectrum from the virgin pad, which has been interpreted as Ti4+
configuration. The upper spectrum is the most extreme deviation from the Ti4+ line
shape found within the crater region with severe structural modifications. Close exam-
ination of this spectrum reveals shoulders exactly at the energy position of the main
peaks of the lower spectrum. Therefore it is assumed that the upper spectra exhibits
a significant admixture of the Ti4+ spectrum. In Fig. 5.6 (b) an attempt was made to
decompose the measured spectrum into a Ti4+ contribution and the pure spectrum of
the additional configuration. It is important to note that this approach has a large error
bar as the line shape of this pure spectrum is not known and the subtraction of the
Ti4+ contribution relies on the assumption that no shoulders are present in the pure
spectrum.














































Fig. 5.6: (a) Two extreme cases of Ti L-edge spectra gained far away from the crater
("film") and within the crater. (b) Decomposition of the crater spectrum (grey) into
contribution from the Ti4+ spectra (orange) and second contribution (blue). (c) Ti4+ and
Ti3+ reference spectra normalized to integral intensity. (All spectra are slightly smoothed
to reduce the signal to noise ratio and improve the quality of the reference spectra)
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For reasons of clarity in Fig. 5.6 (c) the two pure spectra are reproduced after nor-
malization to the same integral intensity. The spectrum gained from the decomposi-
tion is very similar to published calculations and measurements for Ti3+ compounds
in octahedral symmetry like Ti2O3 or LaTiO3 [43, 50, 51]. Therefore we assign the
variations in the spectral line shape to a reduction of the titanium. In the follow-
ing the spectral line shape gained from the decomposition is referred to as Ti3+ refer-
ence.
The lateral distribution and intensity of the Ti3+ signal can be extracted from the data
by a fitting procedure. For each pixel of the microscopy image the absorption spectrum
is extracted and subsequently fitted by a linear combination of the two components in
Fig. 5.6 (c) and a linear background to account for beam drift effects (see Fig. 5.7 (a)). Al-
though the signal to noise ratio is very low if only a single pixel is considered, a stable and
reasonable fit was achieved. The result of fitting is also stable towards small variations in
the reference spectra, binning of several pixels or fitting with unsmoothed reference spec-
tra. In particular, a different decomposition to gain the Ti3+ reference does not change
the qualitative result of the fit, but only the quantitative amount of Ti3+ in the most
reduced regions. The false colour plot in Fig. 5.7 (b) shows the relative Ti3+ contribution
determined from this fitting procedure. Moreover the sum of both components is a mea-
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Fig. 5.7: (a) Example of fitting for the spectrum gained from a single pixel. (b) Contribu-
tion of Ti3+ by fitting spectrum at each pixel. (c) Total Ti intensity in the crater region.
The hole in the middle of the crater was excluded from the fitting procedure.
The fitting procedure clearly shows the absence of Ti3+ contributions and therefore a
pure Ti4+ configuration for the area further away from the crater as expected for the
SrTiO3 film. However, moving towards the crater roughly 200nm before structural
modifications can be seen a transition region starts, which clearly shows a continuously
increasing amount of Ti3+ states. Within the area of severe structural modifications
the observed spherical structures show the strongest reduction with up to 65% Ti3+
configuration, but also their close surroundings are heavily reduced. In the innermost
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area surprisingly some Ti4+ contributions are apparent. As visible from Fig. 5.7 (c) the
overall Ti intensity is more or less constant in the transition region which only shows
a valence change. In contrast, a significant variation in Ti intensity is observed in the
region with structural modifications. The spherical structures show a low Ti-signal,
while more Ti is detected in their close surroundings.
The results of fitting are verified and highlighted again by direct extraction of spectra
from characteristic areas in Fig. 5.8. In Fig. 5.8 (a) a radial sequence of spectra around
the crater region is presented. The extracted spectra clearly reveal an additional Ti3+
contribution as is visible from the increased preedge intensity and the less pronounced
minima between the formerly well separated t2g and eg peaks. The numerical results of
fitting with the components of Fig. 5.6 (c) are also indicated in the figure and reveal a
gradient of the Ti3+ contribution in the close proximity of the crater. The characteristic
spectra of the region with structural modifications are displayed in Fig. 5.8 (b). The
spectra confirm the observations derived from Fig. 5.7 i.e. a significantly decreased Ti
signal and a slightly higher reduction within the spherical structures compared to the
surrounding.





























Fig. 5.8: Ti L-edge spectra (smoothed) from characteristic areas within the crater region.
The respective regions are indicated by colour code in the inset (image from Fig. 5.5 (c)).
(a) A radial series of spectra around the crater region reveals an continuous increase of Ti3+
contributions. (b) Within the region of structural modifications the spherical structures
show a more reduced spectrum with lower intensity. The respective Ti3+ ratio determined
from the fitting procedure is also indicated in the graph.
In general two scenarios are possible to explain the varying Ti3+ contribution. One pos-
sibility would be the existence of two separate phases within the TXM probing volume,
which contain Ti4+ and Ti3+ states respectively and are present in different mixing ra-
tios. The second case would be a single homogeneous phase, which is partly reduced
and therefore shows a mixed valence. For the continuous reduction in the crystalline
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La1−xSrxTiO3 solid solution series a continuous shift of the eg line was reported [50]. In
contrast, the data presented in Fig. 5.8 (a) reveal no shift of the main peaks, but only the
appearance of additional intensity1. In principle this would be an indication for a super-
position of two separate phases with Ti4+ and Ti3+ configurations, rather than a partly
reduction throughout the whole film. However, as discussed before the virgin film already
shows a shifted eg line due to the amorphous state. Therefore, the direct comparison of
our amorphous sample with the crystalline solid solution series is maybe not reliable. In
fact, without better references for a continuous reduction in the amorphous state it is not
possible to decide which scenario is realized in our sample.
5.1.4 Summary
In Fig. 5.9 all results gained from the TEM and TXM measurements are summarized
into a schematic cross section model of the crater region. As discussed before we propose
that during the electrical treatment with −15V a high electrical current flows within the
crater region which leads to significant heat evolution due to Joule heating. With the
heat source in the center of the crater a radial thermal gradient is developed, which will
give rise to different effects depending on the local temperature [34, 120]. In the center
of the crater the thermal stress results in the decomposition of the thin membrane and
therefore a hole in the sample is observed. In the innermost region 1 of the crater no Pt
is found while an increased Pt intensity is found in a line surrounding this region. It is
speculated that the Pt is melted, flows away from the hot region and piles up in region
2.
Further away from the crater in region 3 spherical structures have been observed which
show an overall high transmission, an increased relative Pt contribution, low Ti intensity
and the highest Ti3+ contribution within the entire sample. As depicted on the right side
of Fig. 5.9 the negative voltage at the top electrode will introduce a (probably thermally
assisted) diffusion of oxygen ions to the lower interface. As oxygen gas cannot leave the
sample gas bubbles could evolve at the lower interface. In accordance with our data this
results in heavily reduced SrTiO3 at the lateral position of the gas bubbles and a higher
transmission intensity due to the low density of the gas bubbles. Additionally, these
gas bubbles might displace the SrTiO3 film outwards and could therefore explain the
decreased Ti intensity at the position of the spherical structures as well as the higher Ti
intensity in their close surrounding.
Even though the massive structural modifications are limited to the close surrounding
of the crater, the thermal gradient extends further and is probably the reason for the
1This fact is also the reason why fitting of the data with a linear combination as presented in Fig. 5.7
is a suited procedure for this data set.
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observed radial variation of the Ti valence and the Pt grain size. The gradual varia-
tion of the Ti valence on a scale of roughly 200nm could be explained by thermally
accelerated reduction of the SrTiO3 layer. Finally, the effect of Pt recrystallization on a



























Fig. 5.9: Schematic cross section of the crater region along a line indicated in the TEM
image at the left side (not to scale). All structural and electronic changes can be coherently
explained by the electric field (see sketch on the right side for polarity) and a thermal
gradient due to localized Joule heating in the center of the crater.
In summary, our investigation of the electrically treated, sputtered SrTiO3 films on thin
membranes demonstrates that TXM is highly suited for the investigation of resistively
switched devices. During the electrical treatment a single crater region is created on
the MIM structure probably due to Joule heating. The high lateral and spectroscopic
resolution of the TXM method allows to study the structure of this crater in great detail.
From comparison of the spectral line shape with literature the valence of the titanium
can be determined and a clear increase of reduced components is observed in the direct
surrounding of the crater region.
5.2 Investigation of epitaxial films
5.2.1 Sample preparation
Investigation of epitaxial films with TXM, or more general in transmission geometry,
is challenging due to contradictory requirements during sample preparation and TXM
measurements. In order to grow an epitaxial film, a single crystalline bulk substrate is
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needed, while for photon transmission experiments the sample thickness should be below
100nm. Therefore, after preparation of the epitaxial film the bulk substrate needs to be
removed or separated from the film. An intuitive idea would be to employ focused ion
beam (FIB) etching, which is routinely used to prepare extremely thin samples for TEM
studies. Unfortunately this technique is not suited for the preparation of samples for
TXM. Firstly, it is very difficult to prepare plane-view samples with a homogeneously
thin analysis area of the required size of more than 10µm. Secondly, during FIB etching
the sample is bombarded with high energy ions which are also implanted into the sample.
The kinetic energy and implantation of the ions will damage the near-surface region of
the sample and can also induce valence changes. Consequently, FIB prepared samples
would probably be too small to study the whole area of an electrode pad and the valence
changes due to switching might be reversed or masked by valence changes during sample
preparation.
Therefore a different approach based on a highly selective wet chemical etching process
is employed. While the perovskite compound La0.7Sr0.3MnO3(LSMO) is easily etched
in hydrochloric acid (HCl), SrTiO3 is not affected on realistic time scales [121]. LSMO
has a rhombohedral lattice structure which can be described by a pseudo-cubic lattice
with a lattice constant of a = 3.873Å [122]. At room temperature metallic conductivity
has been reported in literature [122] and was verified on our films [123]. Due to the
small lattice mismatch LSMO can be included into a multi-layer stack of epitaxial films
grown by PLD. During electrical treatment it serves as conducting bottom electrode and
afterwards it can be used as sacrificial layer, which is etched away in order to detach the
active film from the substrate.
The simplest layer stack used for a wet chemical etching process in the first tests is
displayed in Fig. 5.10 (a). A MIM structure is grown on a SrTiO3 substrate with 400nm
LSMO as bottom electrode, 50 nm Fe:SrTiO3 as active layer and 8 nm Pt as top electrode
material. By optical lithography the Fe:SrTiO3 layer is structured into bridges with a
width of 14 µm and a length of 46 µm 150µm. The Pt layer is structured to 10x10µm
electrode pads (see Fig. 5.10 (b)). Inspired by the freestanding structures presented by
Pellegrino et. al [121] the intended idea is to prepare freestanding bridges as depicted
in Fig. 5.10 (c). This bridges should afterwards be cut on both sides within a FIB and
transfered onto a TEM holder.
Fig. 5.10 (d) and (e) shows our sample after etching in HCl for 14min and cleaning steps
in water and isopropanol. The LSMO is significantly etched, although not perfectly
homogeneous. Unfortunately, the Fe:SrTiO3 layer without LSMO support is not free-
standing, but in direct contact with the substrate covering remaining parts of LSMO
like a carpet. Due to strong adhesion it was not possible to remove the bridges from the
substrate. In order to create really freestanding structures it would probably been nec-
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Fig. 5.10: Side (a) and top view (b) of sample design for preparation of TXM samples
from bridges. (c) Schematic sketch of freestanding SrTiO3 bridge after etching of the
LSMO layer. (d)/(e) SEM images after etching of LSMO layer. The SrTiO3 film is not
freestanding, but covers remaining LSMO parts like a carpet.
essary to lower the aspect ratio of film thickness to bridge length and/or adapt improved
methods to dry the sample like critical point drying [121]. However, this has not been
further developed as during the first tests another problem became apparent. Although
only two small cuts with the FIB at the side of the bridges are planned, several images
have to be taken with the ion beam in order to attach a transfer needle beforehand
and to align the position of the cut. For the acquisition of these images the sample is
irradiated at normal incidence with the ion beam. The relevant SrTiO3 layer is only
protected by the 8nm Pt top electrode, which is not enough to safely protect the film
from all ion implantation effects.
Inspired by a TEM preparation technique called extraction replica method [116], we
therefore adapted our preparation procedure to eliminate all FIB work. Instead of
bridges the Fe:SrTiO3 layer is structured into small islands (see Fig. 5.11 (b)). During
the etching of the LSMO layer the SrTiO3 film will completely be detached from the
substrate and float in the acid. As the SrTiO3 islands are too small and fragile to be
seen with the naked eye and processed further, prior to etching a homogeneous carbon
layer is deposited on top (see Fig. 5.11 (a)). This carbon layer will support the SrTiO3
and can be seen in the fluid, so it is possible to collect it onto a TEM grid (for more
details on sample handling and cleaning steps see Ref [75]).
In Fig. 5.11 (c) an optical microscope image shows such a carbon layer collected onto
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Fig. 5.11: Side (a) and top view (b) of first sample design for preparation of TXM
samples via extraction replica. (c) Optical microscope image of topographic imprint of
marker structure in carbon layer.
a TEM grid. The letter "`E"' from a marker structure is clearly visible, but closer
examination with transmission techniques reveals that the underlying Pt and SrTiO3
film is not attached to the carbon film and the contrast is only due to a topographic
imprint. In order to improve the adhesion of the relevant sample structures an addi-
tional chromium adhesion layer was inserted between the perovskite film and the carbon
layer.
Within several iterations the sample design was further improved. It was difficult to
prepare the thick 400nm LSMO layer on an SrTiO3 substrate in a high crystal quality,
which resulted in problems with the conductivity and was unfavorable for the growth of
the next layer. This problem was minimized by reducing the thickness to 100nm and
choosing a NdGaO3 substrate. NdGaO3 has a pseudocubic lattice constant of a = 3.86Å
[124], which reduces the lattice mismatch between LSMO and NdGaO3-substrate to only
0.4% in contrast to 0.8% between LSMO and SrTiO3. Concerns regarding a very small
aspect ratio between the height of the LSMO layer and the lateral etching distance
turned out to be unnecessary as underetching of the SrTiO3 islands was still possible on
reasonable timescales (propably the access of acid to the LSMO layer is supported by
capillary forces).
Furthermore we introduced a SrRuO3 layer as bottom electrode, rather than using the
LSMO layer as electrical contact. On the first hand the resistive switching characteristics
with the LSMO bottom electrode have been less reliable and deviated significantly from
switching with Nb:SrTiO3 bottom electrode. As LSMO is p-conducting, this might
be due to the development of a p-n junction at the LSMO/Fe:SrTiO3 interface. With
the SrRuO3 layer we achieve a truly metallic (n-conducting) bottom electrode with
similar properties as the usually used Nb:SrTiO3. Secondly, if the LSMO layer is used
as bottom electrode, the bottom interface will be destroyed by the etching procedure
and possible variations within the SrTiO3 layer might be influenced from the contact
with the HCl. According to literature [125, 126] and experimental tests on our samples
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[75] the etching of the SrRuO3 layer is significantly below the SrRuO3 film thickness
on the time scales used for etching. Therefore with the additional SrRuO3 layer as
bottom electrode we maintain both relevant interfaces of the MIM structure for the
TXM analysis.
The final optimized layer stack is depicted in Fig. 5.12 (a). On an NdGaO3 substrate
(CrysTec GmbH, Berlin) 100nm LSMO, 15 nm SrRuO3 and 20 nm 5%Fe:SrTiO3 are
subsequently deposited by PLD with the growth parameters as given in table 5.1. XRD
and AFM measurements prove epitaxial growth for all three films and a smooth film
surface with a root mean square roughness of 0.4 nm. The thickness of the sputtered
Pt electrode was set to 8 nm, which is thick enough to provide reasonable switching
characteristics, but still as thin as possible to minimize absorption of photons within this
layer. The Cr layer is sputter deposited and the thickness and deposition parameters
have been optimized to achieve the best adhesion of the MIM structures to the carbon
film. The C film is deposited by cathodic arc evaporation (GFE Aachen) and optimized
to achieve large and stable pieces after the etching procedure. The best results have
been achieved with a 5 nm Cr film sputtered with 30W and a carbon layer thickness of
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Fig. 5.12: Side (a) and top view (b) of optimized sample design for preparation of TXM
samples via extraction replica. (c) SEM image of detached carbon support layer with MIM
structures on a TEM grid.
Our final preparation procedure did not include structuring of the SrTiO3 film into
island to uncover the LSMO layer. Patterning prior to the electrical treatment is not
possible as the SrRuO3 bottom electrode needs to be continuous during the electrical
treatment and patterning afterwards might modify the resistance state of the devices,
which should clearly be avoided. Thus, prior to etching the samples have only been
scratched with a diamond blade into roughly 1x1mm2 squares to predefine the size of
the carbon pieces. Although at first glance it seems problematic to etch lateral distances
in the mm-regime with a film thickness of only 100nm we observed successful etching
of the LSMO layer, which is assigned to capillary forces and bending of the already
detached parts. As can be seen in Fig. 5.12 (b) only the Pt layer is structured into
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Table 5.1: PLD growth parameters for perovskite layers used in the mutli-layer stack









La0.7Sr0.3MnO3 5 2.0 700 0.133
SrRuO3 10 0.7 650 0.133
5%Fe:SrTiO3 5 1.0 750 0.100
electrode pads and marker structures, whereby markers are repeated four times to allow
identification of the pads even if parts of the marker are invisble due to the TEM grid
or destroyed during preparation.
In order to detach the MIM structure from the substrate two different etching procedures
have been tested. The first option is to immerse the whole sample into fluid HCl (37%
solution) at room temperature. The LSMO layer is dissolved typically within 12-16
minutes and the MIM structure attached to the carbon layer floats in the acid (see
Fig. 5.13 (a)). This layer is collected onto a TEM grid and transferred to deionized
water to remove the acid. Afterwards it is again collected onto a TEM grid, which can
be mounted to the transmission X-ray microscope. Some samples have been successfully
prepared with this method, but during etching in fluid HCl partly detached thin layers
of carbon frequently twisted and created samples with several layers of carbon film on
top of each other, which are not suitable for TXM analysis. Alternatively the sample
stack is exposed to HCl vapor by mounting it above a beaker of fluid HCl, which is
heated to 80 ◦C (see Fig. 5.13 (b)). During etching in HCl vapor no visible changes
are observed, but when the sample is transferred into deionized water after 15 minutes
large flat pieces of carbon film with MIM structures are immediately detached from the
substrate (probably due to surface tension effects). In principle, both techniques gave
comparable results, but etching in vapor reduced the risk of twisting of the thin layer
and was therefore used for the preparation of most of the samples presented in this
work.
In Fig. 5.12 (c) a SEM image of the resulting carbon layer collected onto a TEM grid
after etching in HCl vapor is presented. We succeeded in the preparation of large and
flat carbon flakes whose size is defined by the scratches with the diamond blade before
the etching. Nevertheless the adhesion of the MIM structure to the support layer still
remains the most critical aspect. Although the chromium layer improves the adhesion,
only part of the electrodes is attached to the carbon layer. Usually Cr is used to increase
adhesion between a metal and an oxide and all layers are deposited in situ. In contrast,
in our process the sample is exposed to air after deposition of the Cr, which is therefore
expected to oxidize. Probably this passivated chromium oxide film does not form a stable
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(a)
(b)
Fig. 5.13: Sketch of etching of the LSMO layer in fluid HCl (a) and in HCl-vapor (b).
(Reproduced from [75]) Etching in HCl-vapor reduced the risk of twisting and resulted in
larger and better defined carbon pieces.
chemical bonding with the carbon support layer [75]. In order to reduce the adhesion
problems it would therefore probably be beneficial to adapt the deposition procedure
and/or to choose another adhesion layer.
Although the adhesion is problematic at the current state, as a fortunate fact we observed
that the switched pads are more likely to be attached to the carbon layer than the virgin
pads or the film itself. We propose that this is connected to the typically observed
increase of the surface roughness of the Pt-pads during electrical treatment. Rough
surfaces provide an increased interaction area with the carbon layer, which is beneficial
for the adhesion. One should also consider that the extraction replica technique is
usually employed for the investigation of protrusions, which show high interaction area.
With respect to this aspect also the effect of the Cr layer in our setup might well be
only due to an increased surface roughness of this sputtered film. However, based on
our experience on several samples we are confident that due to the increased roughness
all parts of the film which have been influenced by the switching process are preserved
for the TXM analysis.
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5.2.2 Micro-spectroscopic analysis by TXM
In this chapter TXM measurements on epitaxial films prepared by the extraction replica
method based on the multi-layer sample design depicted in Fig. 5.12 (a) will be presented
(published in [127]). For electrical characterization, the SrRuO3 layer is contacted via
wire bonding and the Pt pads are contacted directly with probing needles. The ini-
tially large resistance is irreversibly transformed to the MΩ-regime by a forming sweep
with 600µA Compliance (see Fig. 5.14 (a)). Afterwards bipolar resistive switching with
"counter-eightwise" polarity [36] over roughly three orders of magnitude and with good
pad-to-pad reproducibility is observed. By automatic stepping several pads are set into
the ON-state. Afterwards the chromium and carbon layer are deposited and the MIM
structure is detached from the substrate by etching the LSMO in HCl vapor as described
in chapter 5.2.1.
(b)





































































Fig. 5.14: (a) Bipolar resistive switching with counter-eightwise polarity. (b) TXM-image
at hν = 458 eV. Dark contrast reveals parts of the SrTiO3 film, which are attached to
the support layer. A homogeneous area of the film (marked by right black arrow) as well
as a growth defect (marked by left red arrow) are visible. (c) Comparison of Ti L-edge
spectra of the film and the growth defect reveal a broadening of the eg lines in the defect
spectrum.
Fig. 5.14 (b) presents a TXM image of a typical virgin sample at the Ti-resonance with a
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photon energy of hν = 458 eV. Dark contrast is due to the absorption in the SrTiO3 thin
film. As mentioned earlier due to adhesion problems the pads are usually not completely
preserved on the support layer, but typically one can find some homogeneous areas of
SrTiO3 as well as several small "spots" of roughly 80nm 200nm which also show strong
Ti contrast. These spots are observed on ON as well as Virgin pads and therefore are
a result of the thin film preparation. Lenser et al. [128] observed extended growth
defects of comparable size on SrTiO3 thin films grown by PLD and explained it by a
preferred nucleation at the exits of screw dislocations on the substrate. We assume
that similar growth defects in our film are the reason for these spotlike structures. The
effect might even be enhanced by the subsequent growth of three different perovskite
layers as the lattice mismatch might induce additional defect sites [128]. The enhanced
contrast (darker color in Fig. 5.14 (b)) of the growth defect compared to the film can be
explained by an increased sample thickness as additional material is accumulated at the
growth defect. With energy dispersive X-ray spectroscopy we confirmed the presence of
Pt and Ru on all regions with Ti contrast, which demonstrates that the complete stack
is preserved and contributes to the NEXAFS-TXM signal.
As presented in Fig. 5.14 (c) on a virgin pad the Ti L-edge spectra of the homoge-
neous film as well as the growth defect reveal the typical absorption characteristic of
a Ti4+ configuration (compare chapter 2.3.1). Direct comparison of the spectra re-
veals a general increase of the full-width-half-maximum (FWHM) of the eg lines for the
spectra of the growth defects. For the L3 lines we quantitatively observe a broadening
from FWHM(L3)film=0.5 eV to FWHM(L3)defect=0.7. . . 0.9eV. The observed broadening
of the eg lines could be a signature of a slightly reduced long range order within the
growth defect while the local structure is still dominated by the Ti4+ configuration in
perovskite lattice geometry [42, 46]. Additionally, on some defects a small shift (be-
low 100meV) of the eg lines to lower photon energies is detected. The interpretation
of this shift will be discussed later in combination with the results on the switched
pads.
After characterization of the virgin pads we studied pads which have been set into the
ON-state. The homogeneous parts of the film have an identical Ti-signature of a pure
Ti4+ configuration as observed for the virgin area. However, for the spectra of the
extended growth defects clear variations occur. In Fig. 5.15 (a) the spectra of several
defects within one pad in the ON-state are presented. Significant variations in the
spectral shape are apparent, mainly concentrated on the eg lines. An additional peak
arises at the lower photon energy side of the L3 eg peak, which is observed as a shoulder
next to the original peak or a shift of the line. Moreover, the L2 eg line is shifted to
lower photon energy and the pre-edge features show increased intensity. This results
compare well to literature results of Abbate et al. [50], who presented Ti-XAS spectra
for a systematic concentration series La1−xSrxTiO3 with x = 0. . . 1 (see Fig. 2.6 (a)).
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Fig. 5.15: (a) Ti L-edge spectra of several growth defects located within one pad in the
ON-state. Comparison with Ref. [50] reveals reduction to Ti3+ to different extent. For
the top and bottom spectra the reference material which shows a similar line-shape is
indicated. (b) Schematic cross-section model for SrTiO3 films showing growth defects in
virgin film and reduction toTi3+ after switching into ON-state. (c) Ti L-edge spectra of
the growth defect with the largest shift of the L3 eg peak within a virgin pad (black line)
and an ON-pad (red line). For comparison the inset shows the electrical data (for details
see Fig. 5.14 (a)). After degradation of the resistance over nine orders of magnitude a clear
reduction to Ti3+ is visible.
In this system, which we have used as a reference, substituting Sr2+ ions with La3+
ions reduces the original Ti4+ to a Ti3+ configuration, while maintaining the perovskite
structure. This reduction of Ti leads precisely to the effect on the Ti-XAS spectra we
observed within the growth defects after switching into the ON-state. Therefore we can
assign the variations in spectral shape of the growth defects after switching into the
ON-state to a different degree of reduction of Ti4+ to Ti3+.
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Based on the spectroscopic results we propose the following model (see Fig. 5.15 (b)):
The virgin film consists of a perfect SrTiO3 thin film containing some extended growth
defects. Although the film is slightly disturbed within these growth defects the local
structure consists of a perovskite lattice with Ti4+ configuration. As mentioned before,
on some of these defects a small shift of the eg peak position is observed. In line with
the results observed at the ON-pad, this could be an indication of a small concentration
of Ti3+ states within the growth defect. Therefore we propose that some of the growth
defects are pre-reduced already in the virgin state. In accordance with the current
models for VCM type switching we assume that during forming oxygen is excorporated
from the film [6]. Due to the pre-reduction of the film within the growth defects, which
goes along with a higher local n-conductivity, the current density inside the defects is
increased relative to the film, thus accelerating the oxygen diffusion. Considering the
rather high currents in the mA-regime, significant Joule heating in well conducting paths
will lead to self-accelerating of the process and therefore small differences of the starting
configuration can lead to large variations in the final composition [37]. This can explain
that no reduction is obtained in the homogeneous, defect-free film and that different
growth defects will show different degrees of reduction.
In terms of the macroscopic electrical behavior, the different filamentary paths within the
growth defects constitute a parallel circuit. While at the beginning several growth defects
are reduced, due to the self-accelerating process the current will finally concentrate on
one single filament. This filament will carry the main current and dominate the overall
pad resistance. Therefore we consider in Fig. 5.15 (c) the spectrum of the growth defect
which shows the lowest value of the energy position of the L3 eg peak of the ON-pad and
compare it to the spectrum of a growth defect of the virgin pad. The huge change in
resistance over nine orders of magnitude is accompanied by a considerable change in the
line shape of the Ti L-edge showing clearly the reduction to Ti3+ states. The analysis
has been repeated on a second independent pair of virgin and ON-pad and resulted in
very similar electrical and spectroscopic results.
The sensitivity of XAS for the crystal field also allows us to study the formation of new
phases. For the related system of TiO2 there is evidence that the resistive switching
process is directly connected to the formation of new phases [129, 130]. For the SrTiO3
system, the perovskite lattice can accommodate a Sr deficiency induced by Sr-diffusion
to the surface during electrical treatment [17] by the creation of Sr-vacancies. Never-
theless more severe modifications might lead to a complete phase separation and the
formation of TiO2 or the oxygen deficient Magnéli phases. The observed spectral shape
of the growth defects in the virgin film as well as after forming shows good agreement
with the La1−xSrxTiO3 reference, but cannot be explained by the formation of new
phases. In accordance with literature on SrTiO3 we observe a splitting of the L3 edge
of Eeg-Et2g(L3)=2.3 eV for the virgin film [50, 95], which is reduced during the electrical
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treatment. In contrast, both TiO2 phases anatase and rutile show a double peak struc-
ture including a significant line with a splitting of more than 2.5 eV [51, 73, 131]. As no
additional intensity is observed at this energy position, we can exclude the formation
of TiO2 phases. The Magnéli phases show very broad spectral features with only two
clearly separated peaks [51] (compare Fig. 2.6 (b)) which would be in strong contrast to
the observed four-peak structure. Therefore in this system, resistive switching occurs
clearly due to a valence change process without any evidence for the formation of new
TiOx phases.
5.3 Comparison of Ti L-edge line shape upon
structural and electronic changes
The absorption spectra presented in this chapter give a nice possibility to highlight the
influence of crystal field and valence changes on the line shape of Ti L-edge spectra. In
Fig. 5.16 (a) a virgin crystalline film is compared to an amorphous film from sputtering
(reproduced from Fig. 5.4 (b)), while Fig. 5.16 (b) compares the virgin crystalline film
with a reduced film due to electrical treatment (reproduced from Fig. 5.15 (c)). The
most obvious variation which is visible in both cases is a shift of the eg lines to lower
photon energies. Therefore this shift alone does not give enough information to distin-
guish between a variation of the crystal field and changes of the valence. However, this
separation is possible if other details of the line shape are considered. In Fig. 5.16 (a)
clearly a relative decrease of the t2g intensity is visible as predicted for the reduction of
the crystal field strength [42], while the t2g/eg intensity ratio in Fig. 5.16 (b) even shows
a weak increase of the t2g intensity. Moreover, in contrast to the amorphous film the
reduced film in Fig. 5.16 (b) reveals a significant prepeak i.e. additional intensity in the
energy range of 456 eV  458 eV as expected for Ti3+ contributions (compare experimental
references presented in chapter 2.3.1).
If the influence on the spectral line shape is large enough the details of the line shape can
therefore help to distinguish between valence changes and crystal field changes. However,
if only minor variations are observed as for example a small shift of the eg line (often
observed as additional intensity in the minimum between the t2g and the eg peak) the
differences might be too small to definitely identify the main influence on the absorption.
For the case of the reduction of SrTiO3 the situation is additionally complicated as a
reduction is achieved by creation of oxygen vacancies, which will also modify the crystal
field and therefore both effects are present at the same time. Ootsuki et al. [132]
presented ab-inito calculations for oxygen vacancies in BaTiO3 and concluded that both
effects should be considered to model the spectrum, but the effect of the crystal field is
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Fig. 5.16: Influence on Ti L-edge by modification of crystal field in amorphous state (a)
and reduction to Ti3+ by electrical treatment (b). The shift of the eg line is present in
both cases and cannot be used to distinguish between valence changes and crystal field
changes. Characteristic for crystal field changes is the lowered intensity of the t2g peaks
compared to the eg peaks, while additional prepeak intensity indicates a valence change.
more important. However, they report very large atomic displacements due to the oxygen
vacancy in BaTiO3 of up to 10%, while the calculated relaxation in SrTiO3 is expected to
be smaller [133]. Moreover the results vary significantly for different calculation methods
- for example Alexandrov et al. [108] reported a relaxation of only 2% after creation
of an oxygen vacancy in SrTiO3. This decrease in lattice distortion will probably also
significantly decrease the effect of the crystal field. Moreover their calculations assume
the valence change to be located at a single titanium ion (correspondingly in Ti3+ state)
next to the vacancy, while in a real crystal it is more likely that the extra charge is
distributed over several ions (in a mixed valence state) due to the partly covalent binding.
Therefore the calculations in Ref. [132] might fail to describe the situation in reduced
SrTiO3 correctly.
In contrast other arguments indicate that the valence change has a larger effect on the
absorption spectra. Experiments [134] as well as calculations [44, 52] showed that in
general the influence of small distortions of the crystal field to the line shape is barely
detectable. (Considering the drastic distortion of the crystal field and total absence of
long range symmetry in the amorphous state the observed shift in Fig. 5.16 (a) is also
rather small.) In contrast the reduction of only 10% of titanium atoms already gives
significant influence on the line shape [50]. At the same time one should also consider
that 2% of oxygen vacancies (assuming doubly charged vacancies) will already result
in 12% of Ti3+ ions. Therefore it seems likely that the main effect on the Ti L-edge
spectrum upon creation of a rather small amount of oxygen vacancies in SrTiO3 is due
to a valence change on the titanium ions.
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In a photoemission electron microscopy (PEEM) electron optics image the photoelec-
trons to create a real-space image of the sample (see chapter 3.7). Filtering the kinetic
energy of the electrons or tuning the photon energy over an elemental absorption edge
adds spectroscopic information to this lateral information corresponding to XPS or XAS
contrast, respectively. However, due to the short mean free path of electrons in solids
this technique is inherently limited to a small probing volume at the sample surface.
In order to study the active interface it is thus necessary to remove the top electrodes
prior to the spectroscopic investigations. In the first part of this chapter we discuss
several options to delaminate top electrodes after the electrical treatment. Afterwards
the formation of new chemical phases and local valence changes upon resistive switch-
ing can be studied with PEEM. Samples with varying thickness are investigated to
study the microscopic origin of the thickness dependence of the the resistive switching
effect.
6.1 Delamination of top electrodes
6.1.1 Top electrodes fabrication
Two contradictory requirements need to be considered for the fabrication of a top elec-
trode suited for PEEM experiments. On the one hand, the adhesion of the top electrode
should be rather poor to make the complete removal of the top electrode without modifi-
cation of the SrTiO3 film possible. On the other hand, the adhesion must be good enough
to prevent premature detachment during the sample preparation and to establish electri-
cal contact for the switching experiments. In general it is expected that evaporated metal
films exhibit a considerably weaker adhesion than the typical sputter deposited top elec-
trodes due to the lower kinetic energy involved in the deposition process. Consequently,
first successful experiments with a removal of top electrodes employed evaporated Pt
electrodes [35]. After the electrical treatment the sample is covered with an additional
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homogeneous Pt layer. As a next step an adhesive tape is attached to the sample and
pulled off again. This procedure removes most of the homogeneous Pt film and some
percentage of the electrode pads. Even though the adhesion between the electrodes and
the SrTiO3 film seems to be quite strong as not all electrodes are removed with the
tape, it is already problematically weak for the lithography process. Frequently the Pt
layer is either destroyed and detached during resist development or the top electrodes
are removed during stripping of the resist.
These problems can be overcome by using a shadow mask. As no further processing is
needed the risk of premature removal of the top electrode material during lithography is
eliminated. Moreover, using 80 nm evaporated Pt electrodes and the same delamination
method as described above we even achieve a nearly 100% yield of detached electrode
pads. This higher yield in comparison to the lithographically structured pads might
be explained by the additional heat treatment during lithography, which could increase
the adhesion and is therefore counter-productive. Another aspect of the etch-down
lithography which might have negative implications on the delamination yield is the
emergence of etching fences by redeposition of sputtered material on the pattern sidewall.
While the use of a shadow mask is therefore preferred in terms of electrode removal it
has other drawbacks. Most importantly, the possible feature size which can be produced
by shadow masks is limited as the unavoidable distance between sample and mask leads
to an unsharp imaging of the structures.
For this work a special Ni mask was used, which allowed the fabrication of electrode
pads with 20 µm size. In order to realize this small feature size the mask was fixed
to the sample with a magnet. The magnetic attraction ensures that the gap between
sample and mask is as small as possible over the entire sample area. In Fig. 6.1 (a)
the concept is indicated and an SEM image of the resulting electrode is presented.
The electrode pad is roughly defined to the desired size, but a large shadowing effect
is visible. Another disadvantage of the shadow mask is the missing accuracy for the
alignment of marker structures. Therefore it is in general not possible to precisely locate
the former pad areas after removal of the top electrodes in an optical microscope which
would be necessary for further analysis for example with the LC-AFM. However, this
sample design is still suited for PEEM investigations as the secondary electrons show a
clear contrast for the former electrode areas (maybe due to a different exposure time to
ambient conditions).
Besides the evaporated Pt top electrode, we also used another type of top electrode with
low adhesion. Even though generally for sputtered films a strong adhesion is expected,
Au electrodes deposited in a basic sputtering device available for this work turned out
to be suited for electrode removal. The Au layer is deposited at an Ar-pressure of
6× 10−2 mbar and a sputter current of 30mA (Voltage U ≈ 470V). For the fabrication
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Fig. 6.1: Deposition scheme and SEM images of top electrodes fabricated with a shadow
Ni mask with magnet (a) and lithographical structuring by etch down (b).
of the top electrodes deposition times in the range from 2 minutes to 3.5 minutes have
been used. Based on AFM measurements on the structured electrodes a deposition time
of 3min has been found to result in an approximate Au thickness of 40nm. The Au
films show a very good stability during processing and all steps of optical lithography
including the use of an ultrasonic bath can be performed without damage or removal
of the Au layer. Therefore it is possible to fabricate well defined pads of 10 µm size as
presented in Fig. 6.1 (b). The possibility to produce small pads is favorable for studies at
the synchrotron due to the highly focused photon beam. As lithography can be used it
is also possible to fabricate markers directly next to the electrode pads, which gives the
possibility to study the former pads also with the LC-AFM.
After electrical treatment the entire sample is covered with a homogeneous gold layer
with the same deposition parameters. Two different approaches have been tested for the
removal of the Au top electrodes. On the one hand one can proceed as discussed before
and attach an adhesive tape to the sample surface. By pulling off the tape we succeeded
to remove a reasonable fraction of the electrodes (about 50% to 70%) on most of the
samples. The second option is mechanically wiping over the sample with a cotton swab,
as the Au electrodes are very sensitive to sidewards stress1. This wiping proved to be
very efficient and removal of top electrodes was possible for all studied samples even
if the first technique failed (This was sometimes observed on samples with additional
marker structures where the adhesion might be increased due to the second lithography
step).
1Therefore it is also necessary to be especially carefully not to scratch the top electrode while contacting
with the probing needles.
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6.1.2 In situ electrode removal with delamination chamber
As presented in chapter 2.2 most models to explain the resistive switching effect in VCM
materials are based on the creation and diffusion of oxygen vacancies. Consequently, re-
oxidation of the SrTiO3 film after delamination of the top electrode could significantly
alter the active interface and should therefore be avoided. In order to prevent the contact
of the interface with atmospheric oxygen after removal of the top electrode, it would thus
be desirable to delaminate the electrodes in situ under UHV conditions. For this purpose
a small UHV chamber was designed, which can be seen in Fig. 6.2 (a). The central part
of the chamber is a 6-way cube with 63 in flanges. These 6 ports are used to mount a
turbo pump (bottom), a sample stage, a valve for connection to other UHV systems, two
wobble sticks and a window (top). Prior to inserting the sample into the UHV setup, it
is mounted into a PEEM sample holder and an UHV-compatible adhesive tape is glued












Fig. 6.2: (a) UHV-chamber for in situ delamination of top electrodes. (b) Sample mounted
to a PEEM holder with tape for in situ delamination. (c) Mounting of a cotton swab to
the wobble stick to perform in situ wiping.
In order to perform the in situ delamination, the sample is inserted into the sample stage
and the chamber is evacuated. Subsequently the small rod mounted to the front of the
wobble stick is inserted into a hole which was drilled in the remaining part of the tape. By
retracting the wobble stick in a fast motion the tape can then be removed from the sample
in situ. The percentage of pads which were delaminated in situ is generally comparable
to the success rate achieved ex situ. However, as the sample is mounted to the PEEM
holder typically only a small central part of the sample is delaminated as the contact of
the tape to the sample is worse close to the rim of the sample holder. When mounted
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to the UHV cluster in Jülich, the sample can afterwards be transfered to the transfer
tunnel with the second wobble stick. Moreover the delamination chamber is designed as
an independent module, which can be mounted to different UHV chambers with minimal
adaptations as it was for example realized at ELETTRA.
As already mentioned in section 6.1.1 the alternative technique to remove Au top elec-
trodes is wiping over the sample with a cotton swab. The photography in Fig. 6.2 (c)
shows the mounting of a cotton swab to the wobble stick, which allowed to perform this
task in situ as well.
6.1.3 Verification of electrode removal with PEEM
Prior to the spectroscopic investigations of the SrTiO3 surface we employed PEEM to
check the success of the electrode removal. In Fig. 6.3 (a) the secondary electron contrast
of two neighboring pads is displayed. On the pad on the left side the top region shows a
very dark contrast at low kinetic energies, while the rest of this pad as well as the right
pad has rather bright contrast. As gold has a high work function one can already assume
that the dark contrast might be due to a remaining gold layer. This assumption can
be verified by tuning to the characteristic binding energy of the Au 4f7/2 core level (see
Fig. 6.3 (b)). The region with dark contrast in the secondary electron contrast shows a
clearly increased intensity for the Au 4f photoelectrons. The comparison of the spectra
presented in Fig. 6.3 (c) reveals a significant Au peak on the top of the right pad, while
the remaining area shows only a constant background. Therefore, we can conclude a
complete removal of the top electrode for the lower half of the left pad and all visible
areas of the right pad. The absence of any gold signal in the delaminated areas shows
that large areas of the electrode layer are removed as a whole as no small islands or thin






















Fig. 6.3: Microscopy image of a pad with a partly remaining gold electrode created from
secondary electron contrast (a) and Au 4f7/2 XPS core level (b). The corresponding Au
4f7/2 XPS spectra for the different regions are displayed in panel (c).
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We performed similar Au-XPS measurements on all samples chosen for detailed spec-
troscopic analysis and could verify the absence of any Au signal regardless of the de-
lamination technique. The spectroscopic signature of virgin pads after delamination
showed the same spectral shape as the virgin films (see chapter 4) for all studied sam-
ples. Moreover, the AFM scan of a delaminated electrode presented in Fig. 6.19 (b) still
revealed the characteristic terrace structure of the as-deposited film. Therefore, the
deposition and delamination seems not to modify the surface properties of the SrTiO3
film. However, the wiping of the cotton swab resulted in some additional secondary
electron contrast as presented in Fig. 6.4. Although this does not significantly influence
the element specific spectroscopic investigations (see for example the Ti contrast after






Fig. 6.4: Secondary electron contrast after removal of the top electrode by wiping with a
cotton swab.
6.2 Thickness dependent switching characteristics
Previous studies on SrTiO3 revealed a strong dependence of the resistive switching char-
acteristics from the SrTiO3 film thickness (see chapter 2.2). In this thesis devices with
different SrTiO3 thickness have been studied by PEEM to elucidate the microscopic
origin for this effect. As a first step the electrical behavior of resistive switching devices
with a SrTiO3 thickness of 10 nm, 20 nm and 40 nm will be presented in the following
sections.
Device fabrication All films presented in this chapter and employed for the PEEM
investigations have been grown by PLD on a Nb:SrTiO3 substrate as bottom electrode.
The deposition conditions have been fixed to a substrate temperature of T = 800 ◦C,
an oxygen pressure of p = 0.1mbar, a target-sample distance of d = 44mm and a laser
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frequency of f = 5Hz. For films grown at stoichiometric conditions it was not possible
to achieve resistive switching with a 20 nm SrTiO3 layer as the extremely high initial
resistance cannot be reduced without destruction of the device. Therefore, all films
which have been studied in detail were grown in the Sr-rich regime at a laser energy of
E = 19mJ. Unless otherwise stated the films are prepared from 2% and 5% Fe-doped
SrTiO3 targets2 and lithographically patterned Au top electrodes (10µm) have been
used.
6.2.1 10nm SrTiO3 film
The I-V characteristic for the Au/10 nm 5%Fe:SrTiO3/Nb:SrTiO3 sample is presented
in Fig. 6.5 (a). Stable, bipolar resistive switching with eightwise polarity over roughly
four orders of magnitude is observed. In contrast to most of the resistive switching
devices reported in literature, no separate forming step is necessary in this case. The
virgin resistance is identical to ROFF and the first sweep to positive voltage shows
no deviation from the SET process in further switching cycles. In order to prevent
a destruction of the pad it is neccessary to employ a current compliance during the
SET sweep to positive voltages. However, as can be seen in Fig. 6.5 (a), the value of the
current compliance has no pronounced influence on value of RON/ROFF or the switching
characteristics.
Switching of devices with a 10 nm SrTiO3 film proved to be generally very stable.
Although the endurance was not tested extensively we achieved several hundreds of
subsequent switching cycles on one pad without significant variation of the I-V char-
acteristics. Moreover a very good pad-to-pad reproducibility was observed as it was
possible to switch all pads with the same parameters resulting in very similar switch-
ing characteristics. On top of this the switching seems to be mainly independent from
the details of the device design. While the device presented in Fig. 6.5 (a) is based on
a Sr-rich SrTiO3 layer, a Ti-rich sample showed a nearly identical switching behav-
ior. The same is true upon variation of the Fe-doping concentration (undoped SrTiO3
and 5%Fe:SrTiO3) or the top electrode material (evaporated Pt and sputtered Au elec-
trodes).
Nevertheless these thin SrTiO3 films exhibit an important drawback which is a poor
retention of the ON state on the order of only several minutes to some days. A read-out
sweep directly after the SET process often yields a resistance value which is at least close
to the value determined from the SET process and therefore the switching appears to
be non-volatile. However, remeasuring the resistance after several minutes can already
22%Fe doping for 20nm film and 5%Fe doping for 10nm and 40nm films. The minor variation of the
Fe concentration is not expected to have significant influence on the switching process.
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Retention after one day
ON
Fig. 6.5: (a) I-V characteristics of the resistive switching behavior for 10 nm film with
different current compliance. (b) Retention behavior for different current compliance. The
colored areas mark the ON and OFF resistance during switching. The markers indicate
the resistance one day after setting into ON state (black) and OFF state (red).
give a significantly increased resistance. The details of the retention behavior show a
clear correlation with the current compliance. Fig. 6.5 (b) displays the resistance which
is measured one day after the pads have been set into the ON state (black markers)
and into the OFF state (red markers). For comparison the shaded areas indicate the
resistance values observed during or directly after the switching process. While the OFF
state appears to be stable, a significant degradation of the ON state is observed. For
the lowest current compliance of 5mA the ON state is completely reversed back into
the resistance of the virgin film/OFF state, while the device switched with a current
compliance of 50mA is still within the resistance window of the ON state. Although
we did not perform a systematic study of this effect we speculate that a degradation of
the ON state is also present after switching with higher compliance, but on a somewhat
larger time scale of several days. It is moreover important to note that quantitatively a
large spread of retention times is observed which might be correlated to the details of
the previous switching cycle.
The indifference of the switching characteristics from the film parameter combined with
the very high pad-to-pad reproducibility could indicate that the electrical behavior is in
this case not mainly determined by the Fe:SrTiO3 thin film. Instead, we speculate that
the Nb:SrTiO3 substrate could be responsible for the switching effect as it is extremely
uniform. This assumption is also supported by the low retention, which is a typical
feature of switching processes in Nb:SrTiO3 [135].
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6.2.2 20nm SrTiO3 film
The I-V characteristics of the 20 nm device, which will be studied with PEEM in chap-
ter 6.3.1, is presented in Fig. 6.6 (a). In contrast to the data presented in the previous
section an initial forming sweep is needed in order to reduce the high resistance of
the as-prepared films (see red curve). After forming the sample is in the ON state3
and subsequent voltage cycles result in eightwise switching over two orders of magni-
tude. However, looking at the RESET sweep in detail an interesting feature is observed:
Around −1V an abrupt increase of the current is observed prior to the region with a
negative differential resistance, which finally leads to the increased resistance after the
RESET sweep.


























































































Fig. 6.6: (a) Resistive switching behavior for 20nm film studied with PEEM. The red curve
indicates the first forming sweep. (b) Nominally identical device, which demonstrates the
coexistence of counter-eightwise (blue) and eightwise (black) switching polarity.
This effect can be understood from the switching characteristics of a nominal identical
sample, which is displayed in Fig. 6.6 (b). If the sweep to negative voltages is adjusted
according to this jump a counter-eightwise switching can be observed (see blue curve).
However, the voltage window for stabilizing the counter-eightwise switching polarity
is very small and the process is extremely unstable. Thus, although in principle this
device can show both switching polarities the eightwise polarity is far more stable and
can be cycled for many times. Nevertheless, compared to the 10 nm films the pad-to-pad
reproducibility is considerably worse. Although the qualitative shape of the switching
curve is usually similar for all pads, the switching voltage and currents as well as the
resistance window can vary significantly. This fact as well as the differences between
3This fact is slightly obscured by the current jumps in the forming curve in Fig. 6.6 (a), but clearly
visible in Fig. 6.6 (b)
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nominally identical samples is most likely connected to a increased instability due to
the two switching mechanisms present within the same device and/or differences in the
local defect structure of the films.
In contrast to the 10 nm films we did not perform systematic retention tests on the
devices studied by PEEM. However, earlier tests on similar devices with 20 nm SrTiO3
thickness suggested a good retention on the time scale of several weeks.
6.2.3 40nm SrTiO3 film
The devices with 40 nm SrTiO3 layer show a very high initial resistance and it is not
possible to enable resistive switching by simply sweeping to positive voltages. However,
resistive switching is achieved after a separate forming step at constant voltage as it
is frequently necessary in ReRAM devices [5]. In this case a positive voltage of 6V is
applied with a current compliance of 10mA to prevent destruction of the device. Due
to the high positive voltage the current usually jumps into the current compliance on
the time scale of some seconds. Afterwards bipolar resistive switching in the counter-
eightwise polarity over two orders of magnitude is observed as presented in Fig. 6.7.
Unlike the eightwise switching presented in the previous chapters, in this case the resis-
tive switching process is self-limited and no current compliance is necessary during the
I-V cycles. While the initial resistance of the 40 nm film is higher as it is expected for
a thicker oxide layer, the ON and OFF state show a lower resistance than the 20 nm
film. This could probably be explained by a well conducting path, which is created
during the constant voltage forming step and bypasses the oxide film (see chapter 2.2).
Remeasuring programmed devices after several days proved that the ON as well as the
OFF state are very stable over time.














































Fig. 6.7: Reistive switching with counter-eightwise polarity in a 40 nm film.
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6.2.4 Summary
In the preceding chapters the resistive switching properties for a varying SrTiO3 film
thickness have been presented. In good agreement with the general trend of a previous
study [11] a clear transition form an eightwise switching polarity to counter-eightwise
switching is observed while increasing the film thickness from 10 nm to 40 nm. In the
intermediate range of 20 nm both polarities can be found within the same device. This
variation of the switching polarity is probably correlated to the forming behavior needed
to enable the switching. While in the 10 nm film no forming is detected, the first sweep to
positive voltages shows some forming behavior in the 20 nm film and a constant voltage
forming is necessary in the 40 nm device.
Moreover, the reproducibility shows a dependence from the film thickness. The 10 nm
film reveal identical I-V characteristics for all studied pads and samples, while the 20 nm
film exhibits a greater spread of switching voltage and current. For the 40 nm film
the forming step is very critical and only part of the studied pads could be switched
successfully. As the irreversible forming can induce significant changes in the formerly
nominal identical pads within one sample, it is plausible that the reduced reproducibility
can be explained by an increased statistic effect due to increasing influence of the forming
step.
In the following part of this thesis the microscopic structure after switching is studied
by PEEM for different SrTiO3 thicknesses. Therefore, on each sample several pads are
set into the ON and the OFF state. Thereby, it is important to note that for the 10 nm
devices a bad retention has been observed with a decay of the ON state over the time
scale of a few days. As the spectroscopic investigations are performed roughly one week
after the electrical treatment, it can therefore not be guaranteed that the resistance state
is maintained until the PEEM measurements for the 10 nm films. In the next chapter
we will first present the PEEM study for the 20 nm SrTiO3 film as this sample revealed
the most pronounced effects. In the following chapters the PEEM characterization is
extended to the 10 nm and 40 nm films to reveal the origin of the drastically different
electrical behavior.
6.3 Micro-spectroscopic analysis of 20nm SrTiO3
film by PEEM
In this chapter we will present the modifications of the electronical and chemical configu-
ration of SrTiO3 on the microscopic scale due to resistive switching for the 20 nm device.
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All measurements presented in this chapter have been performed at the NanoEsca end-
station at Elettra (Trieste). For each element the spectroscopic contrast with the highest
cross section was chosen for a detailed analysis, i.e. Ti L-edge, O K-edge (both XAS)
and Sr 3d (XPS). The PEEM data are supplemented by TEM investigations and theo-
retical calculations to interpret the spectroscopic signature found after forming. At the
end of this chapter a potential signature for a conducting filament in the ON state is
presented.
6.3.1 Modifications of the chemical structure of formed devices
Prior to the removal of the top electrode the impact of the electrical treatment on
the electrode is studied by SEM (see Fig. 6.8). While the virgin electrode displayed
in Fig. 6.1 (b) is completely homogeneous a distinct structure is visible on a switched
device. The middle of the pad shows a slightly brighter contrast, which is probably due
to a recrystallization of the top electrode (similar to the effect observed in Fig. 5.3). This
fact indicates that significant Joule heating took place - most probably during the initial
forming step. However, the effect is not localized to a single small filament, but can be
seen on nearly half of the electrode area. Additionally, several small holes in the electrode
are observed, mostly concentrated to the region which also exhibits the recrystallization
effect. It has already been reported that the forming step in SrTiO3 is connected to the
excorporation of gaseous oxygen which can lead to the evolution of gas bubbles under the
electrode [6, 136]. Apparently in this case the bubbles burst due to the gas pressure and
the oxygen escaped through the holes in the top electrode.
2µm
Fig. 6.8: SEM image of a pad after switching (i.e. the OFF pad also displayed in
Fig. 6.9 (b).). A recrystallization of the top electrode covering roughly half the electrode
area is visible as a brighter contrast. Additionally, several small holes are visible.
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Fig. 6.9: Ti absorption contrast for virgin pad (a), OFF pad (b) and ON pad (c). (d)
Ti L-edge spectra for spots and reference region. (e) The normalized spectra reveal an
identical line shape for the spots and the pad area (the decreased intensity of the L2 edge
is due to beam drift).
In order to study the SrTiO3 film with PEEM the Au top electrodes were removed ex situ
by wiping with a cotton swab and the sample is loaded into the UHV system within a
few minutes after delamination. In Fig. 6.9 the microscopic contrast at the Ti absorption
edge measured by PEEM is presented for a virgin pad (a) and pads set into the OFF (b)
and ON (c) state. The former pad area is visible for all pads due to modifications of the
surrounding SrTiO3 film by RIBE during lithography. Apart from that the virgin pad
reveals homogeneous contrasts without any features. In contrast, both pads which have
been electrically treated show many small spots with a diameter up to 200nm distributed
over the entire pad area. The smallest detectable features had a size below 100nm
and are therefore limited by the resolution of the PEEM. As this spotlike pattern is
comparable for the ON and the OFF state we assume that it develops during the forming
step. Since the forming step is an irreversible modification of the device and connected
to higher currents and voltages than the switching cycles (see corresponding switching
curve in Fig. 6.6 (a)), it appears realistic that the difference between virgin and formed
pads is larger than between ON and OFF state. Consequently, we will first discuss the
effects due to forming at the example of the OFF pad displayed in Fig. 6.9 (b) and will
discuss the influence of the actual switching afterwards.
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The black line in Fig. 6.9 (d) displays the Ti L-edge spectra for a reference from an ap-
parently unchanged pad area next to the spots. The spectrum is identical to a spectrum
gained from the virgin pad and reveals the typical four peak structure of a Ti4+ con-
figuration in octahedral coordination as it was also observed on the virgin films (see
chapter 4.3.2). As already apparent from the microscopy image the Ti intensity within
the spots is considerably decreased. However, the normalized spectra in Fig. 6.9 (e)
clearly show that no variation of the spectral line shape is present. This observation
could be due to an attenuation of the signal or a lowered Ti concentration and will
be discussed later together with the results from the O K-edge and Sr 3d measure-
ments.
At this point we want to highlight another interesting observation: The SEM image of
the top electrode in Fig. 6.8 and the Ti contrast of the OFF pad in Fig. 6.9 (b) show the
same pad and have been rotated accordingly. Direct comparison reveals that the spotlike
pattern observed with PEEM is not correlated to the position of the holes in the top
electrode. We speculate that gaseous oxygen is produced at the position of the spots,
but could diffuse at the film-electrode interface to a weak point of the top electrode,
where the gas bubbles are formed and the oxygen finally escapes through the holes.
Maybe the electrode material is additionally weakened by the Joule heating, which could
explain why the holes are mainly visible within the recrystallized region. However, in
general one would expect that not only the recrystallization but also the excorporation
of oxygen is induced or at least promoted by an increased temperature due to Joule
heating. Therefore, it remains unclear why the spotlike pattern observed in Ti contrast
is distributed over the entire pad area whereas the recrystallization of the top electrode
is only observed on roughly half the electrode area.
Next, we will turn to the O spectroscopic signature. As visible from the microsopcy
images displayed in Fig. 6.10 (b) and (c) at the characteristic photon energies of the
O K-edge the same spotlike pattern is observed as for the Ti contrast. A clear con-
trast inversion is visible between the microscopy images at the first and second peak
of the O XAS spectrum, respectively. In the spectra this is reflected by a decrease
of peak A and an increase of peak B1 for the spots compared to the reference (see
Fig. 6.10 (a) for labeling of the peaks). Moreover, additional intensity is found in the
minimum before peak C, which results in a significantly less pronounced peak C for the
spots.
Finally, the microscopic contrast at the rising edge of the Sr 3d XPS peak is presented in
Fig. 6.11 (b). Although the lateral resolution is decreased due to the lower signal intensity
and higher kinetic energies of the XPS electrons compared to secondary electrons imaged
in XAS contrast, the same spotlike pattern can be identified. The corresponding spectra
displayed in Fig. 6.11 (a) reveal a clear deviation in the spectral line shape for the area
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Fig. 6.10: (a) O K-edge spectrum of the spots reveals a lowered intensity at peak A,
increased intensity B1 and a suppressed peak C. (b)/(c) The contrast inversion while
comparing peak A and peak B1 is clearly visible in the microscopy images.
of the small spots. From peak fitting it is visible that the pad area can be describe by
one doublet, while an additional low binding energy component is present for the area of
the spots. As the peaks are largely overlapping there is not one definite fitting solution.
However, in order to achieve reasonable agreement of the fitted components with the
experimental results the chemical shift for the additional component has to be in the
range of 0.6 eV  0.9 eV.
A similar low binding energy contribution has already been observed after resistive
switching of SrTiO3 in PEEM [17, 35] and HAXPES [11] studies, but up to now the


























Fig. 6.11: (a) Sr-3d XPS spectra extracted from spot- and pad-areas. Fitting to the
spectra is included to highlight the additional low binding energy component at the region
of the spots. (b) The microscopy image at a suited binding energy reveals the same spotlike
pattern as observed in Ti contrast.
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K-edge the evolution of a SrO phase might be a reasonable assumption. Literature
values for the Sr 3d XPS binding energy of SrO have a very large spread over several eV
[89, 137, 138]. However, with one exception all reported values are similar to or at
higher binding energies than the Sr 3d level of SrTiO3. Therefore, a regular SrO phase
cannot be the explanation for the observed shift to lower binding energies by at least
0.6 eV.
In the following section we will therefore present theoretical calculations of several po-
tential defect phases of SrTiO3 in order to interpret the experimental results for the spots
induced during forming. In summary, a consistent model should explain the low binding
energy component in the Sr 3d spectra, the modified O K-edge spectra (with a decreased
peak A, increased peak B1 and suppressed peak C) and the decreased intensity of the
Ti signal without variation of the spectral line shape.
6.3.2 Identification of new phase by density functional theory
For comparison with our experimental results the Sr 3d core level binding energy and
the O K-edge absorption spectra have been calculated theoretically for several defect
configurations by density functional theory (All calculations by I. Slipukhina [139]). Af-
ter creation of a defect within the SrTiO3 supercell the structure was optimized by
relaxation. The Sr 3d core level binding energy is calculated as a position of the eigen-
states with respect to the Fermi level within the initial-state approximation. The O
K-edge spectra are determined from the density of empty p-states in the Z+1 approxi-
mation to take into account the core-hole effect, which is important for insulators due
to poor screening by valence electrons [60, 61]. For comparison the O K-edge spec-
tra from different phases have been aligned according to the rising edge of the first
peak.
As a first step single neutral vacancies (VO, VSr and VTi) have been simulated. All
calculated O K-edge spectra are comparable to the results of Mizoguchi et al. [140],
which validates the approach. However, the variation of the spectral shape due to single
vacancies does not resemble our experimental results. Additionally, the calculated shift
for the Sr 3d core level is into the wrong direction and/or significantly smaller than the
experimentally observed shift.
In literature a more complex defect which consists of a Sr ion on a Ti lattice site accom-
panied by an oxygen vacancy (SrTi+VO) has been reported for Sr-rich SrTiO3 phases
[141, 142]. In Fig. 6.12 the corresponding defect structure after relaxation is displayed
together with the Sr 3d core level shift and the O K-edge spectrum. Compared to the
undisturbed Sr ions further away from the defect the Sr 3d core level energy at the Sr
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Fig. 6.12: (a) Structural model of SrTiO3 with Sr substituting a Ti ion accompanied by
an oxygen vacancy. (b) Sr 3d core level position as a function of the distance from the
antisite defect. The core level of Sr at Ti site is shifted by ≈ 0.6 eV to lower binding energy
with respect to the more distant Sr. (c) O K-edge spectra for pristine SrTiO3 (black line)
and SrTiO3 with SrTi+VO (red line). (Calculations by I. Slipukhina).
antisite defect is shifted by approximately 0.6 eV to lower binding energies. Considering
the experimental uncertainties and the neglection of final state effects in the theoretical
calculations this value is in good accordance to the experimental result. In contrast, the
O K-edge spectrum agrees to a lesser extent with the experimental data as the intensity
changes of the peaks A and B are not fully reproduced. However, the decreased inten-
sity of peak C is in accordance with the experimental data and could indicate that the
unknown phase is somehow related to the Sr antisite defect.
Apart from the point defects in SrTiO3 we also considered planar defects. In the well
known Ruddlesden-Popper (RP) phase [143] additional SrO layers are inserted into the
SrTiO3 lattice4 (see Fig. 6.13 (a)). In accordance with other calculations and experimen-
tal references of the O K-edge for Sr2TiO4 [59], our calculations reveal a significantly
increased peak B1 (see Fig. 6.13 (b)) as compared to SrTiO3. The spectrum is composed
by two inequivalent contributions from oxygen in the TiO2 layer with four Sr bonds and
oxygen in the SrO layer with five Sr nearest neighbors. The increase of peak B1 and
suppression of peak C in the overall RP spectra can thereby clearly be traced back to
the latter one. These effects are exactly the same trends as observed at the O K-edge
experimentally, which suggests that the local structure of oxygen with 5 Sr bonds is
present within the spotlike pattern on the sample.
However, the RP phase cannot explain the existence of the low binding energy contri-
bution to the Sr 3d core level. As the end members of the Srn+1TinO3n+1 homologous
4From another point of view the RP phase can also be understood as a complete plane of SrTi+VO
defects combined with a shift of the lattice planes.
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Fig. 6.13: (a) Structural model of the layered RP phase (b) Total O K-edge spectrum for
layered RP phase compared to SrTiO3 and contributions from inequivalent oxygen ions.
The contribution of the oxygen within the SrO layer which has 5 Sr bonds shows similar
features as the experimental data. (Calculations by I. Slipukhina)
series are SrTiO3 and SrO, we expect the Sr core level energy to adopt an intermediate
value. Therefore, the Sr core level of the RP phase is expected to shift to higher bind-
ing energies compared to SrTiO3, which was also verified experimentally on a Sr2TiO4
sample grown by PLD. Consequently, the regular layered RP phase cannot explain the
experimental results.
We therefore consider a peculiar RP phase observed by Suzuki et al. [144, 145] in highly
non-stoichiometric SrTiO3 films. In this structure the additional SrO layers are inserted
without superlattice ordering, but are connected in a random zigzag shape. In order to
simulate this structure a high symmetry configuration with a rectangular RP structure
as displayed in Fig. 6.14 (a) has been used. Alike the layered RP phase this structure
has a stoichiometry of Sr2TiO4 and can be considered to be composed of several ordered
antisite SrTi+VO defects. Three inequivalent Sr ions are included in the structure with a
different number of nearest oxygen neighbors. As presented in Fig. 6.14 (b) a clear shift
of the Sr 3d core level to lower binding energies by nearly 1 eV is visible for the lower
coordinated Sr ions. According to this result the experimentally observed low binding
energy component could be due to Sr ions with a lower oxygen coordination than the
standard 12-coordinated Sr in pristine SrTiO3. The O K-edge of the rectangular RP
phase is displayed in Fig. 6.14 (c). Similarly to the layered RP phase the contribution
of oxygen ions with 5 Sr bonds lead to a decreased peak A, increased peak B1 and
suppressed peak C. Therefore we achieve a good agreement of the simulated spectrum
for the rectangular RP phase with the experimental spectrum. Even the details as for
example the increased intensity before peak C seen in experiment (compare Fig. 6.10 (a))
is reproduced in the simulations.
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Fig. 6.14: (a) Hypothesized rectangular RP phase used for calculations. (b) Lower coor-
dinated Sr ions within the rectangular RP phase reveal a lowered Sr binding energy. (c)
O K-edge spectrum for the rectangular RP phase displayed in (a) compared to pristine
SrTiO3.(Calculations by I. Slipukhina)
In conclusion, we propose that the electric field and Joule heating during electrical
forming of the 20 nm SrTiO3 film enables diffusion of Sr and excorporation of O - maybe
along pre-existent dislocations. This results in the observed spotlike pattern on the
sample, where the local structure and chemical composition within the spots is similar
to the hypothesized rectangular RP phase. The low biding energy component in the Sr
3d spectrum is thus explained by lower coordinated Sr ions and the modified O K-edge is
due to oxygen ions with 5 Sr ions as nearest neighbors. The local surrounding of the Ti
atoms remains unchanged which can explain the invariance of the Ti L-edge spectrum,
while the Ti intensity is reduced due to the additional SrO layers. Even though the
rectangular RP phase is not thermodynamically stable it was found to have only a small
positive formation energy and can therefore easily be created during the non-equilibrium
forming process [144].
6.3.3 Cross section analysis by TEM
As PEEM is a surface sensitive technique and can only probe the surface of the SrTiO3
film we complemented our study by transmission electron microscopy (TEM) to follow
the modifications upon switching within the entire film. (All TEM measurements per-
formed by H. Du at the Ernst Ruska Center in Juelich.) For this purpose cross section
lamellas have been cut from a virgin as well as a formed pad by FIB. The location of
the lamella on the formed pad was chosen to include several of the small spots observed
by PEEM. In Fig. 6.15 (a) the bright field TEM cross section is presented for the formed
pad. Within this field of view two defects are visible, which are marked by white arrows.
The defect on the left side is larger and even extends into the substrate, while the smaller
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defect on the right side is confined to the deposited film. Investigation of other regions
of the lamella reveals many additional defects, which are similar to the right defect and
basically confined to the film5. In contrast, no extended defects have been observed
within the lamella cut from the virgin pad. Therefore, we can conclude that the defects
are connected to the spotlike pattern induced by the electrical treatment rather than an
intrinsic feature induced during the thin film growth.
In Fig. 6.15 (b) and (c) high resolution images of these two defects are displayed. Next to
the defects the lattice structure of the substrate is perfectly reproduced by the SrTiO3
film, which proves the epitaxial growth of the PLD films. The darker contrast of the
defect areas in bright field contrast is due to disorder in the SrTiO3 lattice. Interestingly
all defects observed within the formed sample show a conical shape with the base (i.e.
the wider diameter) at the top electrode. Conically shaped filaments composed of a
conducting Magnéli phase have already been reported in resistive switching TiO2 [130,
146]. They are explained by the diffusion and ordering of oxygen vacancies and start to
grow from the cathode. In contrast, the defects observed in our film show a reversed
orientation as the wider diameter is found at the top electrode, which has been the
anode during forming. Consequently, the process seems to be more complex and should
be explained by another effect.
We propose the following model: The combination of our PEEM measurements with
the theoretical simulations indicate the formation of a phase related to the rectangular
Sr2TiO4 phase at the surface of the SrTiO3 film. This is in accordance with an angle
dependent HAXPES study, where a similar low binding energy Sr component was found
to be localized at the electrode-SrTiO3 interface [11], as well as a PEEM study, which
suggested a Ti deficiency at the surface [35]. The evolution of the RP phase at the
top electrode might thereby be stimulated by the high electrical field due to the Schot-
tky contact, the excorporation of oxygen at the surface of the film and the increased
temperature due to Joule heating. The creation of the Sr-rich RP phase will result in
a chemical gradient of Sr deficiencies and a corresponding diffusion of Sr towards the
top electrode. Consequently, the region below the RP phase would exhibit an increased
defect density due to Sr vacancies. As this defected region starts to grow from the
RP phase at the top electrode the observed orientation of the conical shape would be
realistic.
The defects can be further characterized by electron energy loss spectroscopy (EELS)
and selected area diffraction (SADP). In Fig. 6.15 (d) EELS spectra are presented for
different positions within the larger defect (positions are color coded in panel (b)) and
a reference position within the substrate (black line). The energy resolution of EELS
5In fact, the large defect which extends into the substrate seems to be unique and might be related to
the additional features presented in sections 6.3.4 and A.4.
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Fig. 6.15: Bright field TEM images showing an cross section overview (a) and high reso-
lution images of the defects (b)/(c). (d) O K-edge EELS spectra from the substrate (black
line) and several positions within the defect marked by colored circles in panel (b). (e)
Selected area diffraction from the defect. (All measurements by H. Du)
113
6 Surface sensitive studies of the active film
is considerably worse than for the O K-edge XAS spectra and the spectra gained from
different positions within the defect show only slight differences. Nevertheless, a system-
atic trend for the defect spectra compared to the reference spectrum is a less pronounced
minimum due to an increased intensity between the first and second peak. This effect is
comparable to the results presented by Mizoguchi et al. [140] and has been assigned to
Sr vacancies. Although the bad statistics and low resolution of the spectra would allow
other assignments as well our measurements would therefore be in accordance with the
model presented before.
The Ti L-edge EELS has also been acquired, but no variation of the spectral line shape
was detected. This indicates that the local environment of the Ti ion is roughly main-
tained. The diffraction pattern in Fig. 6.15 (e) indeed reveals a simple cubic structure
as expected for the perovskite lattice. However, compared to the lattice constant of the
substrate the diffraction peak is found at lower reciprocal values. This corresponds to
an increase of the lattice constant by 1.4%. As cation vacancies in SrTiO3 are known to
induce a lattice expansion [147], this observation would also be in accordance with the
proposed presence of Sr vacancies in the defects.
6.3.4 Microscopic signature of ON state
In the previous parts of this chapter the spotlike pattern which is due to forming has
been discussed in detail. Compared to the forming step the reversible resistive switching
process can be realized on shorter time scale with lower current and voltage values. In
the following we present some minor microscopic changes which have been only observed
on the ON pad and might thus be connected to the reversible resistance change. In
Fig. 6.16 (a) a small single spot is observed at a photon energy of Eph = 458.5 eV (The
spotlike pattern is barely visible in this image due to the normalization). Looking at the
corresponding spectrum in Fig. 6.16 (b) it becomes apparent that the spectrum at this
spot shows an increased intensity in the minima between the t2g and the eg peaks. As
presented in chapter 2.3.1 this is the expected behavior for a small admixture of a Ti3+
contribution. As the presence of Ti3+ states is connected to a significantly increased
conductivity this spot could be due to a small filament, which is responsible for the
decreased resistance in the ON state. According to typical switching models this filament
would be reoxidized close to the interface during the RESET sweep and is therefore not
visible by surface sensitive PEEM in the OFF state.
A rough estimation within a very simple model can show whether the resistance change
in our device could be explained by the small filament of the size found in PEEM. In
the OFF state the filament is oxidized and therefore no conductive channel is present.
Therefore, the OFF resistance is determined by the average current over the whole
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Fig. 6.16: (a) Microscopy image showing filament region marked by blue arrow (contrast
enhanced by averaging and normalization). (b) Normalized Ti-X-ray absorption spectra
for filament region and remaining pad area (The overall decreased intensity and deviating
shape of the L2 edge is due to beam drift and problems with the I0 normalization.).
pad area and is mainly determined by the Schottky contact at the top interface. If the
device is set into the ON state a highly conducting filament is formed, which is assumed to
bypass the Schottky contact and is responsible for the additional current in the ON state.
Assuming ohmic contact at the interfaces we can calculate the necessary conductivity
of the filament based on our experimental results.
From the electrical data the resistance of the filament is determined to be RFil ≈ 50 kΩ.
The radius of the filament found by PEEM is r = 110 nm and the film thickness has
been set to d = 20 nm. Consequently the resistivity of a cylindrical filament can be
calculated to
ρFil = RFil · pir
2
d
≈ 10 Ω cm
A resistivity of 10 Ω cm is similar to the value observed for the ON state of resistive
switching SrTiO3 films by LC-AFM and therefore indeed a realistic value [35]. Assuming
a mobility of µ = 4 cm2/Vs (extrapolated from the high temperature data in [148]) this
would correlate to a carrier density of 1.5× 10−17 cm−3. A similar order of magnitude
has been determined for Fe:SrTiO3 thin films from the position of the Fermi energy
[11]. Consequently, the interpretation of the small filament as determining conduction
channel in the ON state is not in conflict with realistic assumptions on the parameters
of our film.
In conclusion, while our PEEM results indicate modifications on the entire pad area
during forming, a single highly localized filament seems to be responsible for the switch-
ing effect. This observations cannot be consistently described within the model pre-
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sented by Münstermann [35] (see also chapter 2.2). Within this model the eightwise
switching realized in our devices is explained by a variation of the conductivity of the
extended region. A filament might be present but is not modified during switching
between ON and OFF state. Further work will be necessary to clarify whether the
localized filament is indeed responsible for the resistance change with eightwise switch-
ing polarity and why the lateral extension of the forming and switching effects vary so
drastically.
6.4 Micro-spectroscopic analysis of 10nm SrTiO3
film by PEEM
While the electrical characteristics of the 20 nm devices reveal signatures of both switch-
ing polarities, the devices based on a 10 nm SrTiO3 film exhibit a purely eightwise
switching. A comparison of the microscopic structure of these devices can therefore give
additional insight into the correlation between electrical behavior and modifications on
the nanoscale. The top electrodes of the 10 nm film presented in this chapter have been
delaminated in situ with an adhesive tape.
In Fig. 6.17 the secondary electron contrast is displayed for pads which have been
switched with different current compliance. For the virgin pad the entire pad area
shows a homogeneous intensity as expected. After switching with 10mA compliance
a small modified region which appears dark in Fig. 6.17 (b) is visible in the center of
the pad. Similar structures have been observed for all studied pads, which have been
switched with 10mA and 25mA. However, after switching with 50mA compliance
(compare Fig. 6.17 (c)) the area which seems to be influenced by the electrical treatment
covers nearly the entire pad area. An extended dark contrast similar to the central
region in panel (b) is observed, which seems to be composed of several roughly circu-
lar structures. Additionally and exclusively after switching with 50mA in the middle
of the larger dark areas small bright spots are visible. Consequently, three different
regions are present, which will be referred to as reference (unmodified region at the
outer parts of the pad, see black arrow), crater (modified regions with dark contrast,
see red arrow) and spots (small spots in the middle, see blue arrow) throughout this
chapter.
The observed modifications of the SrTiO3 film need to be considered in correlation to the
switching characteristics presented in chapter 6.2.1. The electrical characteristics do not
indicate an irreversible forming step during the first sweep and a poor retention of the
resistance state was observed. Since all states degrade into the OFF state, which shows
the same resistance value as the virgin state, one might expect to detect no changes
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of the microscopic structure at all. However, a clear effect of the electrical treatment
is visible on the delaminated electrodes by PEEM. During our investigation we also
studied pads which have only been set into the ON state by a first single sweep to
positive voltages without further cycling to negative voltages. A crater area similar to
the one presented in Fig. 6.17 is already visible for these pads. Therefore, we can trace
back the modifications of the film to the first sweep to positive voltages even though
the electrical data reveal no sudden current jump or significant variations of the I-V
behavior between the first and second sweep. In contrast, the further cycling shows no
influence on the structure observed by PEEM. In particular, we compared pads in the
ON state with pads in the OFF state for several current compliances, but no qualitative







Fig. 6.17: Secondary electron contrast for a virgin pad (a) and after switching with a
current compliance of 10mA (b) and 50mA (c).
Although the secondary electron contrast reveals many details and gives a good overview
of the existing features, it is very hard to interpret. Consequently, it is not further
discussed at this point and we want to focus on the results of the spectroscopic investi-
gations. More details about the secondary electron contrast are shown in the appendix
(see A.5).
In Fig. 6.18 the PEEM analysis for all main elements is presented for the 10 nm film
switched with 50mA compliance. The panels (a)-(c) present the integrated micro-
scopic contrast over the entire energy range of the respective emission/absorption line,
which is a measure for the elemental concentration (bright contrast i.e. high inten-
sity correlates to high concentration). The crater and spots which have been observed
in the secondary electron contrast are also directly visible in this stoichiometry con-
trast.
In the crater region the intensity of the energy-integrated microscopy images reveals
a significantly decreased Sr-concentration combined with an increased Ti and O signal
compared to the reference region. From the spectra presented in panels (d) - (f) it
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Fig. 6.18: PEEM measurements on 10 nm SrTiO3 film after switching with 50mA compli-
ance. (a)-(c) Energy-integrated microscopy contrast for all main components representing
the elemental concentrations. (d)-(f) Spectra for characteristic regions highlight the in-
tensity contrast but reveal no variation of the spectral line shape expect for the O-XAS of
the spots.
is visible that apart from the intensity modulation no variations of the spectral line
shape are observed. For the crater region our data thus indicate a decrease of the Sr/Ti
ratio while the overall lattice structure is maintained. The small crater of the pads
switched with lower compliance are very similar to the crater region after switching
with 50mA and show the same changes in stoichiometry (decrease of Sr concentration
and increase of Ti concentration) without changes of the spectral line shape (data not
shown).
The small spots in the middle of the larger crater regions exhibit a different spectroscopic
signature. For these spots the Sr intensity is comparable to the reference region within
the experimental error, while the Ti intensity is significantly lowered. Additionally, the
oxygen absorption shows a considerably modified spectral shape. A decrease of peak A
and peak B2 is observed, which leads to a roughly constant peak height for the first three
peaks. It is important to note that this spectral shape deviates significantly from the O
K-edge found after forming of the 20 nm devices. Most notably, peak C is maintained
for the spots presented here in contrast to the suppressed peak C found in Fig. 6.10 (a),
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but also the intensity of peak B2 is largely different for the different SrTiO3 thicknesses.
Additionally, the modified O K-edge presented earlier was accompanied by a Sr low
binding energy component, which is not the case here.
To study the features after switching in more detail we investigated the topography
of the former electrode areas by AFM. The AFM images presented in Fig. 6.19 (a)
and Fig. 6.19 (c) correspond to the pads presented in secondary electron contrast in
Fig. 6.17 (b) and Fig. 6.17 (c), respectively. A direct comparison of the figures reveals
that for both pads the crater regions are only weakly visible. In contrast, the small
spots observed with PEEM after switching with high compliance are three-dimensional
structures on the film surface with a height of up to 80 nm and the pattern can easily
directly be correlated. Two other features in Fig. 6.19 (c) are probably not directly linked
to the electrical treatment: The structure marked by a dotted circle in the middle of the
pad is probably due to the contact of the probing needle. The feature on the right side
marked with a white arrow is not visible on the PEEM images and thus probably just













Fig. 6.19: (a) Sample topography measured by AFM after switching with 10mA (a)/(b)
and 50mA compliance (c) (same pads as PEEM contrast in Fig. 6.18 (b) and (c), respec-
tively). The crater regions are only weakly seen in topography contrast. The bright spots
in panel (c) are beyond the color scale and exhibit a height of up to 80 nm. (see text for
discussion of additional features).
Our AFM results clearly show that the contrast of the crater regions is not connected to
a significant variation of the sample topography. Therefore, the changes in stoichiometry
cannot be explained by creation of new phases on the surface, but are due to a reorga-
nization of the elements within the SrTiO3 film by cation diffusion. As the diffusion of
Ti has a higher activation energy than the diffusion of Sr [25, 149] we suggest that the
observed variation in the Sr/Ti ratio is due to diffusion of Sr - or in other words the
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diffusion of Sr vacancies6. Under the applied electrical field of the first sweep to positive
voltage the double negatively charged Sr vacancies are expected to drift towards the
anode i.e. the top electrode. This could explain the lowered Sr concentration and a rel-
atively increased Ti and O signal at the surface of the film.
The I-V characteristics for the pads switched with lower current compliance are com-
parable to switching with 50mA, whereas the spots have only been detected for the
latter case. Consequently, the evolution of the spots appears to be a secondary process
not directly connected to the resistance change. Thus we speculate that the increased
Joule heating associated with higher currents gives rise to a thermally driven process.
However, it was not possible to elucidate the chemical structure of the spots as the most
obvious suggestions fail to explain the experimental evidence. The large height of the
spots cannot be explained by the creation of isolated vacancies in an SrTiO3 structure.
The absence of the low binding energy component in the Sr 3d level together with the
details of the O K-edge reveals that they are not connected to the rectangular RP phase
found for the 20 nm films. Another typical excorporation of SrTiO3 at oxidizing condi-
tions is SrO [92], which would be in accordance to the reduced Ti signal. However, in
this case a contribution at higher binding energies in the Sr 3d level would be expected.
Thus, further work will be necessary for the identification of this phase. Thereby an-
other open question will be whether the evolution of the spots is directly connected to
the increased retention time after switching with 50mA.
In order to correlate the observed changes in the PEEM data with the resistivity of
the film, a nominally identical sample was studied with LC-AFM. As it can prevent
the formation of an adsorbate layer on the sample, the in situ delamination proved
to significantly increase the quality of the topography and the stability of the current
signal. As a reference, the secondary electron contrast is shown in Fig. 6.20 (a), which
reveals the expected small crater region as the device under study was switched with a
compliance of 10mA. The topography image presented in Fig. 6.20 (b) reveals a single
small defect at the approximate position of the crater feature detected by PEEM. The
area around the defect is scanned with a voltage of U = 0.5V applied to the tip and
the resulting conductivity map is displayed in Fig. 6.20 (c). The defect itself (the posi-
tion determined from topography is indicated by the dotted white line) shows a high
conductivity compared to the insulating SrTiO3 film. However, also an extended region
in the neighborhood of the defect without any obvious changes in topography reveals a
significantly increased local conductivity.
These LC-AFM measurements prove that the features observed by PEEM on the 10 nm
films show a modified local conductivity and are therefore directly connected to the re-
6PALS investigations revealed a significant amount of Sr vacancies (together with Ti vacancies) in our
SrTiO3 thin films even if the films are overall Sr-rich [150].
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Fig. 6.20: (a) PEEM image for sample switched with 10mA compliance. (b) Topogra-
phy of the same pad, showing a single defect at the approximate position of the PEEM
feature. (c) Local conductivity measured with LC-AFM (U = 0.5V). The dotted white
line indicates the approximate position of the defect in topographic contrast.
sistive switching effect. At the same time, the observation of an increased conductivity
on a local scale is somewhat surprising as the macroscopic retention data would suggest
that the programmed state is already degraded at the time of the measurement. Unfor-
tunately, the resolution of the PEEM image is not good enough to determine precisely
whether the observed dark contrast coincides with the defect or the extended region of
increased conductivity. The latter assumption would be supported by the fact that the
comparison of Fig. 6.18 and Fig. 6.19 revealed no topographic contrast at the position
of the dark regions in the secondary electron image. On the other hand, due to the
high conductivity at the defect site it seems likely that the defect forms some kind of
filamentary path which is at least partly responsible for the resistance change of the
device. Alternatively, the defect as well as the extended region of increased conductivity
might both be involved into the switching process as observed by Münstermann [35]. In
future, the possibility at the UHV-Cluster in Jülich to combine PEEM studies with in
situ LC-AFM experiments on the same sample will help to elucidate these questions in
more detail.
6.5 Micro-spectroscopic analysis of 40nm SrTiO3
film by PEEM
Our PEEM study is complemented by the investigation of a 40 nm device which ex-
hibits a counter-eightwise switching polarity (see chapter 6.2.3). In this case the gold
top electrode was removed by wiping over the sample with a cotton swab in situ. In
Fig. 6.21 (a) and (b) the secondary electron contrast is presented for a virgin and a
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Fig. 6.21: Secondary electron contrast for 40 nm SrTiO3 film for (a) virgin pad (b)
switched pad. (c) The film morphology directly after growth reveals several growth defects
up to 50 nm height.
switched pad. The data of the switched pad presented here have been measured on a
pad in the ON state, but the same observations have been made on a pad in the OFF
state. The virgin as well as the switched pads show several dark spots and some stripes
from the wiping of the top electrode. In order to exclude that the spot contrast is due
to contaminations from wiping during the electrode removal we wiped over the same
sample a second time in a different direction (This is the reason for horizontal as well
as vertical stripes). Position, size and shape of the spots did not change during this
process, which proves that they are indeed features of the film and not loosely overlying
dirt particles.
As the observed spots are already present on the virgin film, they are not connected to the
electrical treatment and must be explained by the thin film growth. The film morphology
of the as-prepared SrTiO3 film measured by AFM before electrode deposition is presented
in Fig. 6.21 (c). The terrace structure of the substrate is still visible, but additionally
several growth defects with a height of up to 50 nm are observed, which exhibit a size and
density comparable to the dark spots in the secondary electron contrast. With additional
AFM measurements on the switched pad after electrode removal (see appendix Fig.A.7)
we could confirm that the position of the growth defects coincide with the position of
the dark spots.
The formation of these growth defects can be explained by the growth conditions. The
laser energy of 19mJ used for all films, which have been studied with PEEM, is far below
the stoichiometric conditions. Therefore, the Sr excess of the films can induce the evo-
lution of growth defects. Similar small defects - smaller than the PEEM resolution - are
already observed on the 20 nm films (compare for example Fig. 4.1), but for the thicker
40 nm film the size, height and density of the growth defects increases by agglomeration
of additional material. Consequently, we explain the observed spots in the secondary
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virgin switched
















Fig. 6.22: PEEM results at the Sr 3d XPS line for 40 nm SrTiO3 film. The microscopy
images are the sum of images in the range from 130.0 eV  130.6 eV. In panel (c) the spectra
of the spots marked in the image by color-coded arrows as well as a reference spectrum
next to these spots (black line) is presented.
electron contrast on the virgin as well as switched pads by growth defects due to the
off-stoichiometric deposition conditions.
In Fig. 6.22 (a) and (b) the microscopic contrast in the rising edge of the Sr 3d core level
is shown for a virgin and a switched pad of a 40 nm SrTiO3 film. Apart from the stripe
contrast due to wiping of the top electrode bright and dark spots are visible. While
the dark spots are identical to the pattern in the secondary electron contrast, the bright
spots have not been visible. The corresponding Sr 3d spectra of the bright spots (marked
by red arrows) and dark spots (marked by blue arrows) are presented in Fig. 6.22 (c).
The dark spots show a significantly reduced Sr intensity, but no spectral change. In
contrast, a low binding energy component similar to the one found in the 20 nm film
after forming is observed for the bright spots.
Unfortunately due to drift problems the data quality for the Ti and O XAS measure-
ments on this sample is poor, which makes it difficult to achieve meaningful spectra.
The general trend shows a decrease of the Ti intensity for both spots without any in-
dications for a variation of the spectral line shape. The O K-edge spectra consistently
reveal a decrease of the first peak for dark as well as bright spots. For some of the
dark spots this is accompanied by an increase of the second peak, but large variation
between different spots and measurements make clear statements impossible. With re-
spect to the spots which show the Sr 3d low binding energy component it is speculated
that the surface component which forms upon electrical treatment in the 20 nm film
could form without electrical treatment in the thicker films due to agglomeration during
the growth. In order to fully characterize the spectral signature of the two different
types of growth defects it would necessary to repeat the measurements with higher data
quality.
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However, this investigation of the 40 nm films was mainly motivated by the investigation
of modifications due to resistive switching with counter-eightwise polarity. One should
therefore focus on differences between the virgin and the switched pads, which have been
very obvious for the thinner films already in the secondary electron contrast and the Sr
3d core level. In contrast, for the 40 nm film no indications of significant features due
to electrical treatment have been found within the available data. Although to some
extent minor changes might be obscured by the contrast due to the growth defects, we
can exclude the existence of significant modifications on a large scale as observed in
chapters 6.3.1 or 6.4.
This observation could be explained by a highly localized switching process. Indeed the
counter-eightwise I-V characteristics and the constant voltage forming step are typical
features observed for filamentary switching [35]. Due to the increased defect density it is
very likely that the relevant conducting filament is formed underneath/within a growth
defect. Consequently, potential valence changes due to switching are not detectable with
surface sensitive spectroscopy.
6.6 Summary
In this chapter the results gained from the PEEM experiments and the conclusions with
respect to the effect of forming and resistive switching will be summarized. Within this
project we performed a systematic study where only one parameter of the device design
i.e. the thickness of the active SrTiO3 layer was varied from 10 nm to 40 nm. As a
first result we can state that the electrical switching behavior as well as the observable
modifications of the chemical structure are dramatically different for different film thick-
nesses. We assign this effect mainly to an increasing relevance of the growth defects.
Moreover, the distribution of the electrical field as for example the virgin resistance of
the device or the ratio of the Schottky depletion length and the film thickness might
influence the process. Due to the drastically different behavior it is necessary to dis-
criminate several effects observed in dependence of the SrTiO3 thickness and the devices
will be discussed separately within this summary chapter. Afterwards a general trend
within the thickness series concerning the area influenced by the forming effect will be
highlighted.
10nm films
For the thin films with 10 nm SrTiO3 thickness we observed a highly reproducible switch-
ing with eightwise polarity but no hints on any kind of forming step in the electrical data.
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Additionally a poor retention is observed - especially for the devices switched with a low
current compliance. Thus, at least for most of the devices the ON state decays within the
time scale of a few days and shows an overall resistance similar to the virgin state at the
time of the PEEM measurements. Nevertheless, a clear modification of the microscopic
structure has been observed on all pads after the electrical treatment. The size of the
modified area is thereby directly correlated to the current compliance used during the
electrical treatment. After switching with low current compliance a crater region in the
order of a few µm is visible, while nearly the entire pad area is modified after switching
with ICC = 50mA. Within the modified region a significant change of the Sr/Ti ratio is
observed, but we found no evidence for any change in the chemical state of the cations
(i.e. no Ti valence change and no phase formation).
Our experimental results on the 10 nm films give a clear example that it is impossible to
deduce information about the modifications of the sample from the electrical data alone.
While no forming step is observed in the I-V curves, clear crater features are visible al-
ready after the first sweep to positive voltages. Interestingly, these modifications induced
due to the electrical treatment are non-volatile, while the macroscopic resistance state
shows a poor retention. Moreover, the switching characteristics are largely indepen-
dent from the current compliance, whereas a scaling of the crater size with the current
compliance has been observed. To the current state it is therefore unclear whether the
observed microscopic modifications are directly related to the resistive switching effect
or only secondary effects, for example due to Joule heating.
Within our experiments we compared several devices which have been set into the ON
and OFF state, but no differences of the microscopic structure was detected. For the de-
vices switched with low current compliance this could be explained by the bad retention,
but at least after switching with 50mA the retention is expected to be sufficient to main-
tain a significant resistance window until the PEEM experiments have been performed.
However, it has been already speculated based on the electrical data (in particular the
poor retention and the independency of the switching characteristics from the details of
the film parameters) that the resistance change in the devices with 10 nm film thickness
is due to a resistive switching effect in the Nb:SrTiO3 substrate rather than the thin film.
If the process responsible for the variation of the resistance is located at the interface
to or within the Nb:SrTiO3 bottom electrode, we would indeed not be able to detect
any differences between the ON and the OFF state by surface sensitive spectroscopy.
Further work will be necessary to clarify the active switching interface/region for these
devices with a very thin oxide layer.
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20nm films
The 20 nm films reveal an eightwise switching and in contrast to the 10 nm films a
clear deviation of the first sweep to positive voltages from subsequent SET sweeps
gives evidence for a forming effect. On a microscopic scale this forming step is cor-
related with the evolution of many small spots which exhibit a typical feature size of
100nm to 200nm and are spread over nearly the entire pad area. Within these spots
we found a considerable change of the chemical state and propose the evolution of a
new phase, which is assumed to be at least similar to a rectangular Ruddlesden-Popper
phase.
These observations are in contrast to the basic model for the forming effect presented in
chapter 2.2, which assumes the evolution of a single conductive path due to the creation
and diffusion of oxygen vacancies within the perovskite lattice. On the one hand the
forming is not confined to a single localized region, but exhibits a multi-filamentary
behavior. Thereby, the filaments are distributed over nearly the entire electrode area.
On the other hand, we observed the formation of a new phase which cannot be explained
by diffusion of oxygen vacancies alone but also requires a significant reorganization of the
cation sublattice. Thus, during forming not only oxygen vacancies but also Sr vacancies
are mobile which indicates a significant Joule heating. As presented in the last section the
forming of the 10nm film is also not limited to a small filament and leads to a variation
of the Sr/Ti ratio, which gives evidence for Sr diffusion. Therefore, an extended forming
region and diffusion within the cation sublattice can be regarded as a general feature for
the switching in these thin SrTiO3 films.
In contrast to the multi-filamentary growth of the RP phase during the forming step,
our experiments indicate that the actual switching might be due to a reduction of a
single filament. Thus, it is unclear whether this filament with Ti3+ contribution (see
Fig. 6.16) is connected to the formation of the RP phase or whether the evolution of the
new phase is just a secondary process due to Joule heating. However, recent hard X-ray
photoelectron spectroscopy results gave evidence of a Sr-diffusion also during switching
[11] and support a scenario where the Ruddlesden-Popper phase is actively involved in
the resistance change.
40nm films
Further increase of the SrTiO3 thickness to 40 nm results in a completely different switch-
ing behavior as already obvious from the electrical behavior. A constant voltage forming
step is necessary to enable resistive switching which shows a counter-eightwise polarity.
On a microscopic scale no variations due to the electrical treatment have been observed
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by PEEM. This is explained by a very localized switching effect which might be located
within/underneath the growth defects.
At this point we want to highlight the similarity of the Fe:SrTiO3(40nm)/Nb:SrTiO3
films studied by PEEM with the Fe:SrTiO3(20nm)/SrRuO3/LSMO/NdGaO3 film stud-
ied with TXM (see chapter 5.2). Both devices require a constant voltage forming step
and reveal a counter-eightwise switching polarity. Similarly both films showed several
extended growth defects per device area. The similar defect density of these films despite
a different SrTiO3 thickness can be explained by the different bottom electrodes. For
the growth of the 40 nm film studied in the PEEM experiments a Nb:SrTiO3 substrate
was employed, which has a nearly perfect lattice match and an atomically flat surface.
In contrast, due to the complex sample design for the TXM experiments a SrRuO3 bot-
tom electrode has to be used, which has a higher lattice mismatch and a considerably
increased surface roughness. Therefore, we propose that the lower crystal quality of
the growth template has a similar effect in terms of evolution of growth defects as the
doubling of the SrTiO3 thickness.
Unfortunately, we have not been able to verify the existence of Ti3+ states within a
growth defect (as it was detected by TXM) after electrical treatment of the 40nm SrTiO3
film with PEEM. However, the data quality was low and additionally the surface sensi-
tivity reduces the chance to get a clear signature of the Ti valence change with PEEM.
As depicted in the schematic model in Fig. 5.15 (b) we propose that several defects are
partly reduced at least in the lower part of the defect, but probably only one defect is
fully reduced to create a conductive filament. Additionally, due to the possibility of tun-
neling effects a thin oxidized surface layer could remain within the topmost layers of the
conductive path, which would further reduce the contribution of Ti3+ states which are
detectable by surface sensitive photoelectron spectroscopy.
Localization of the forming effect
With respect to the area involved into the forming/switching process a general trend
is visible within the thickness series. Namely, an increasing localization with increasing
film thickness is observed which could be explained by an increasing relevance of growth
defects within the film. In order to furthermore correlate the lateral structure with the
electrical behavior, at this point we first propose a model for the defect structure of
the films. We assume that independent on the film thickness dislocations are induced
from the substrate7. Moreover, due to the non-stoichiometric deposition conditions of
the SrTiO3 films, an increasing excess of SrO accumulates at the surface for increasing
7Here we discuss only single dislocations but similarly an extended region with a distorted crystal
structure might be a possible scenario.
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film thickness. We speculate that the exits of the dislocations act as a seed for this
accumulation. A growth defect would thus consist of a dislocation within the film and
a potential SrO surface defect, where the appearance and size of the latter depends on
the film thickness.
For the 10 nm film an extended homogeneous crater without any substructure (at least
down to the resolution limit of the PEEM) has been observed. In accordance to the
electrical data we assume that the initial resistance of the entire film is quite low and
the electrical current is not only limited to dislocations within the film. Thus, on the
scale of µm the film shows a homogeneous behavior without a distinctive signature of any
defects. On the 20 nm film a spot-pattern is observed which is spread over the entire
pad area, but the single spots show a limited size. In this case we propose that the
current is concentrated within the dislocations which thus act as seed for the formation
of the new phase. Moreover, the dislocation might function as fast diffusion channel for
Sr promoting the evolution of the RP phase. This forming characteristic can neither be
described as strictly homogeneous nor as confined to a single filament - although each
single spot is localized the spots are more or less homogeneously distributed. Finally
for the 40 nm film no extended modifications can be observed by PEEM. In accordance
with the model based on the TXM results we assume that the electrical current and
therefore also the chemical modifications are totally confined within the growth defects
already visible on the virgin film. This might be explained by the fact that due to the
high initial resistance of the film, chemical modifications are only enabled by a self-
accelerating process which will enhance minor differences in the starting configuration
and promote the evolution of a single filament.
We assume that the overall trend of increasing localization with increasing thickness/
defect density is universal. However, the details of the defect structure is not only de-
pendent on the film thickness, but is also influenced by the details of the film growth.
Therefore, we note that the absolute thickness value should not be used as single rele-





In the following chapter suggestions and improvements for further PEEM studies are pre-
sented. The first part will discuss the influence of Fe doping on the results and the second
part introduces an interesting secondary electron contrast on formed pads.
6.7.1 The role of Fe tracer in PEEM experiments
All devices studied in this chapter have been based on Fe-doped SrTiO3 films. As
discussed in chapter 4.3.1 the observation of a low concentration tracer ion like Fe could
help to increase the sensitivity for the observation of valence changes. However, under
the given experimental conditions the signal of the Fe absorption edge in the PEEM
experiments is very small even for an iron concentration of 5%. Higher Fe-doping cannot
be employed as the homogeneous incorporation of Fe into the SrTiO3 lattice cannot be
guaranteed any more. Therefore, a meaningful Fe spectrum can only be gained if a
precise reference for the background is available very close to the relevant area (see for
example the areas covered with gold in Ref. [11]). As this is not the case after complete
removal of the top electrode it was not possible to study potential variations of the Fe
valence within our PEEM study.
On the other hand the existence of Fe dopant atoms within the film can potentially
reduce the detectable signal at the Ti ions. As has been discussed in chapter 4.3.1 the
reduction enthalpy of Fe is smaller than the value for Ti. Therefore, slight reduction
of an doped film will result in a reduction of the Fe ions without significant modifica-
tion of the Ti valence. Consequently, the invariance of the Ti L-edge observed in the
Fe:SrTiO3 films in this work after forming would actually be still in accordance with
a minor reduction. In contrast, for an undoped film the reduction would immediately
be reflected in the Ti spectrum as no other ion is available for charge compensation.
This effect has been observed experimentally after reduction of Fe:SrTiO3 targets with
varying doping concentration by irradiation with the PLD laser. As presented in the
appendix in Fig.A.8 all films show a detectable reduction of the titanium spectrum,
but the effect is most pronounced for the undoped film and only slightly visible at
10%Fe doping. In conclusion, for further PEEM studies it would be advisable to use
undoped SrTiO3 films, where all elements of the material exhibit a detectable spectral
signature.
129
6 Surface sensitive studies of the active film
6.7.2 Changes in doping level determined from work function
contrast
For a device with an undoped SrTiO3 film of 10 nm thickness and evaporated Pt elec-
trodes an interesting contrast has been observed within the secondary electron energy
range. As the secondary electron contrast is not element sensitive and the electrical
characteristics are identical to the behavior with gold electrodes presented in chapter
6.2.1, we propose that this new effect is due to the Pt electrode rather than the omis-
sion of Fe-doping. After delamination of the top electrodes ex situ with the help of an
adhesive tape, the sample is loaded into the PEEM and illuminated with an Hg-lamp.
In this case the electrical treatment of the pads is directly reflected in the secondary
electron contrast. As displayed in Fig. 6.23 (a) - (d) the virgin pad shows a bright con-
trast, while the pads switched with a low compliance show some dark regions and the
pad switched with a current compliance of 50mA is transferred to the dark contrast
completely.
In Fig. 6.23 (e) the corresponding spectra are displayed for this bright region (black curve)
and the dark areas due to switching (red curve). The visible contrast at E−EF = 3.6 eV
is mainly due to a large intensity variation. Unfortunately, the intensity of the secondary
electron yield is difficult to interpret and is largely influenced by the excitation source.
In fact, the intensity contrast between the two regions is reversed if the same images are
acquired with the synchrotron beam. However, the two regions differ not only in terms of
intensity, but also exhibit a shift in energy. This effect is seen from a contrast inversion
at very low kinetic energies (not shown) and from the normalized spectra presented in
Fig. 6.23 (f). A small shift of the rising edge to lower kinetic energies by several 10meV
is detected for the spectrum from the modified regions.
In photoemission experiments the lowest kinetic energy of secondary electrons - also
called the cutoff energy - is a direct measure of the work function Φ [67, 80, 151]. Thus,
the observed shift indicates a reduction of the work function due to the electrical treat-
ment. As presented in Fig. 6.23 (g) the work function in semiconductors is defined as
the energetic distance of the Fermi level to the vacuum level [151]. Consequently, the
decrease of the work function can be interpreted as a relative shift of the Fermi level
towards a more n-doped configuration. As higher n-doping would result in a higher
conductivity the observation of the work function from the secondary electron emission
could be an elegant way to follow the resistance change of the film upon resistive switch-
ing. As a first finding with respect to the microscopic modifications in switched devices
the experimental data indicate that the current compliance will predominately change














































Fig. 6.23: Secondary electron contrast (E − EF = 3.6 eV) for a virgin pad (a) and after
switching with a current compliance of 5mA (b), 25mA (c) and 50mA (d). The spectra
of the dark and bright regions are depicted in panel (g). After normalization a clear shift
of the cutoff energy is observed, which could be explained by a shift of the Fermi Energy.
For some of the devices we also acquired the spectroscopic signature of the Ti L-edge, O
K-edge and Sr 3d core level, but no indication for any variations within the apparently
modified regions has been found. Further experiments will be needed to verify the origin
of the secondary electron contrast and to understand why these changes are not reflected
in the element sensitive spectroscopy. However, a good understanding of this effect might
lead to promising new experiments as the secondary electron contrast provides a high




7 Summary and Outlook
The scope of this thesis was the investigation of the microscopic details of resistive switch-
ing by spatially resolved spectroscopy. In particular, the switching due to the valence
change mechanism in Fe:SrTiO3 thin films has been studied by micro-spectroscopy to de-
tect local redox-reactions and potential phase formations.
Characterization of as-grown Fe:SrTiO3 films
Prior to the investigation of the variations induced by resistive switching, the as-grown
Fe:SrTiO3 films have been characterized thoroughly. A series of 2%Fe-doped films has
been grown by PLD with different laser fluences and subsequently characterized by
RHEED and AFM. In good accordance with literature reports for undoped SrTiO3 the
variation of the laser fluence results in a variation of the cation ratio which can directly be
observed by XPS measurements. Nevertheless, the characteristic line shape of the XPS
peaks is consistent with a perovskite lattice for all non-stoichiometries, which indicates
that the non-stoichiometry is accommodated within the lattice without the formation
of any significant secondary phases.
Within this work a special focus has been put on the incorporation of Fe into the PLD-
grown SrTiO3 thin films. Thus, we studied the Fe L-edge absorption, for which charac-
teristic signatures for different oxidation states of iron can be identified by comparison
with calculations and experimental references. For all Sr-rich films a stable Fe3+ config-
uration was detected within the as-grown film and after mild annealing under vacuum
conditions. In contrast, for Ti-rich films a further reduction resulting in a significant
amount of Fe2+ states has been observed after irradiation with the synchrotron beam
or annealing to temperatures as low as 150 ◦C. A more detailed study and the com-
parison of different detection modes revealed a significant relative increase of the Fe2+
states at the surface of the films. The lack of any Fe4+ contribution and the extremely
high reducibility of the Ti-rich films is in strong contrast to literature results of bulk
materials. We assign this to a high concentration of oxygen vacancies introduced dur-
ing the kinetically limited growth by PLD and the specific defect structure of the thin
films.
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Furthermore, a RESPES study was performed to determine the contributions of the
Fe dopant to the valence band. An overall strong resonant enhancement of all valence
band features indicates a significant covalent contribution to the bonding. Additionally,
for both Fe configurations (Fe2+ and Fe3+) additional electronic states have been found
within the band gap. These in-gap states result in a reduction of the effective band gap
and could therefore influence the electrical characteristics.
Bulk-sensitive measurements by transmission X-ray microscopy
In a first attempt to study the bulk of resistive switching devices we performed TXM
and TEM measurements for two different types of samples. In a first approach, MIM
structures with amorphous SrTiO3 films have been sputtered on thin membranes. Af-
ter electrical breakdown we observed the formation of a single crater with a complex
substructure and a significant Ti3+ contribution within the film surrounding the crater.
All structural and electronic changes can conclusively be explained by a thermal gradi-
ent due to localized Joule heating in the center of the crater and temperature-assisted
diffusion within the electrical field.
While the samples deposited on thin membranes served as a first test, we also realized
TXM measurements of epitaxial SrTiO3 thin films. Based on wet chemical etching of
a sacrificial layer, a new procedure for sample preparation was developed which allows
the combination of a thick single crystalline substrate during thin film growth and a
final sample thickness below 100nm for transmission experiments. On the virgin film,
we observed a spectral shape, which is a signature of perfect Ti4+ configuration in a
perovskite structure. Additionally, growth defects with a slightly distorted symmetry
and very small contributions of Ti3+ states have been found. After switching into the
ON-state, we observed different degrees of reduction to Ti3+ within the growth defects
while the film remains in the isolating Ti4+ configuration. We propose that these growth
defects are significantly reduced to Ti3+ during forming. We assume that this effect is
enhanced by a self-accelerating process which will transform one of the growth defects
into a completely conductive filament. Overall with our TXM study we have been able
to trace back the resistance change in a ReRAM device to the underlying redox-process
and allocate the switching filament to extended growth defects present in the virgin
films.
Interface-sensitive measurements by photoemission electron microscopy
The second technique used within this work for the spectroscopic analysis of ReRAM
devices is PEEM. Due to the short mean free path of electrons it is necessary to re-
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move the top electrode prior to all PEEM experiments. Within this work we optimized
the deposition of removable top electrodes and presented the successful delamination
of evaporated Pt electrodes and sputtered Au electrodes. Additionally, a small UHV
chamber has been designed to realize the delamination in situ under vacuum conditions
to avoid a potential reoxidation of the SrTiO3 film.
An interesting feature of resistive switching in SrTiO3 thin films is the existence of two
different switching polarities. While both switching polarities can coexist within the
same device, the dominating polarity can be selected via a variation of the oxide thick-
ness. In order to elucidate the microscopic origin for the different switching polarities we
studied several devices with varying SrTiO3 thickness by PEEM.
For devices with 10nm oxide thickness we observed a very reproducible eightwise switch-
ing combined with a bad retention. The micro-spectroscopic analysis after switching
revealed extended structures in the range of some micrometers with a modified Sr/Ti
ratio, but no detectable differences between ON and OFF state. We speculate that
these results might be explained by the localization of the switching effect within the
Nb:SrTiO3 substrate rather than within the thin film. After forming of the 20 nm device,
which also shows eightwise switching polarity, a spot-like pattern was observed which
is spread over the entire pad area. Within the spots the formation of a new chemi-
cal phase has been detected which is consistent with a rectangular Ruddlesden-Popper
phase calculated by ab initio methods. The device with 40 nm SrTiO3 thickness reveals
a completely different behavior. In this case counter-eightwise switching is observed af-
ter a fast hard-forming step. With PEEM no extended modifications are observed after
switching which is explained by a localization of the switching effect within the distorted
region underneath a surface defect, similar to the results gained on the samples studied
by TXM.
In summary, we observe a strong influence of the oxide thickness on the electrical behav-
ior and the microscopic structure which has been explained by an increasing relevance
of growth defects for increasing film thickness. Moreover, here we want to highlight two
interesting aspects which have been observed for the eightwise switching films with a
thickness ≤ 20 nm and deviate from the expectations based on standard models. Firstly,
we detect an extended (10 nm film) or mulitfilamentary (20 nm film) effect during forming
while typically a single, highly localized filament is assumed. Moreover, the variation
of the Sr/Ti ratio and the formation of the Ruddlesden-Popper phase indicates con-
siderable diffusion within the cation sublattice during forming while most models are
only based on the diffusion of oxygen vacancies. Thus, it will be necessary to develop
a more sophisticated model to describe all relevant effects upon resistive switching in
SrTiO3.
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Outlook
Our results gained by TXM and PEEM demonstrate that these methods are indeed
highly suited to study the microscopic details of the resistive switching effect and con-
tinuation of the experiments is expected to give additional insight into the chemical
modifications upon resistive switching. However, for both techniques the sample prepa-
ration destroys the integrity of the MIM structure. Thus, it is not possible to change
the resistance state after spectroscopic characterization and our analysis has to rely on
the comparison of different devices which have been set to different resistance states.
Therefore, minor differences in the defect structure of the devices cannot be excluded
and could complicate the analysis due to the significant influence of the exact defect
structure. Thus, it would be more favorable to study the same device in virgin, ON
and OFF state. This requires techniques where the complete MIM structure can be
studied non-destructively i.e. measurement techniques which can be performed on bulk
samples and have a sufficient information depth to study the active film covered by a
top electrode. Two different experimental approaches are currently developed and might
be able to fulfill these requirements.
The basic operation principle of Hard X-ray PEEM (HAX-PEEM) experiments is identi-
cal to the PEEM experiments performed in XPS contrast within this work. However, the
high kinetic energy of the photoelectrons results in a considerably increased mean free
path and allows to probe the oxide layer without the need to remove the top electrode.
First proof of principle experiments have been successfully performed on ReRAM devices
but the measurements are complicated by a low cross section which results in low signal
to noise ratio and the need for very long integration times [152].
Another approach are scanning TXM (STXM) studies, which are based on the detection
of the optical luminescence of the substrate [153]. Thereby, lateral resolution is gained by
scanning of a highly focused X-ray beam over the sample. The spectroscopic information
is obtained from the characteristic absorption of photons. However, in contrast to the
TXM measurements presented within this thesis the photons are absorbed within the
substrate and detected indirectly via the optical luminescence. A great advantage of
this technique is that the sample preparation is drastically simplified as the total sample
thickness is not limited. Although this approach is restricted to certain substrates with a
strong optical luminescence, it should be possible to realize the investigation of epitaxial
ReRAM devices on luminescent LaAlO3 substrates.
The realization of micro-spectroscopy on working ReRAM devices can also pave the way
for future time-resolved analysis of the actual switching process itself. A highly repro-
ducible switching effect could be studied by stroboscopic pump-probe experiments, where
micro-spectroscopic images are taken after a variable time-delay of the electrical pulse
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which induces the switching. While experimentally very challenging these kind of "in
operando" experiments would allow to study the evolution of the chemical modifications




A.1 Peak intensity used as a measure for Fe3+
contribution
In chapter 4.3.1 the peak ratio is used for estimation of the valence change rather than
an accurate fitting of the line shape with mixed contributions. Here we demonstrate
that these values are proportional. Similarly to the calculated Fe2+ and Fe3+ spectra we




























Fig. A.1: (a)/(b) Exemplary model components with overlapping peaks. (c) Spectrum
composed by linear combination of components.
assume only Gaussian peak shapes the height of the peaks A and B is proportional to
the area under the curve. The integrated intensity under the spectrum is a measure of
the Fe total intensity and identical for both spectra i.e. we assume A1 +B1 = A2 +B2.
Any mixed spectrum can be described as a linear combination c1 · I1 + c2 · I2 with c1/2
being the relative concentration of the respective components. Obviously, the sum of





c1 ·B1 + c2 ·B2
c1 · A1 + c2 · A2 + c1 ·B1 + c2 ·B2 =
c1 ·B1 + (1− c1) ·B2
c1 · (A1 +B1) + (1− c1) · (A2 +B2) =
=





Consequently, the normalized peak height is directly proportional to the concentra-
tion c1 and a suited number to quantify at least relative trends of the Fe3+ contribu-
tion.
A.2 PEY and TEY mode data on fluence dependent
reduction of Fe:SrTiO3
In Fig.A.2 the peak ratio IB/IA of the Fe L-edge absorption spectrum is depicted for
TEY and PEY mode. The analysis of the data is complicated by the observed reduction
of the films upon irradiation with the synchrotron beam. In a first attempt to ac-
count for this effect we distinguish between measurements with minimal beam-induced
reduction (t ≈ 0min) and measurements after considerable beam-induced reduction
(t ≥ 10min). The same general trend of a significant Fe3+ contribution for films with a
laser energy ≥ 30mJ is observed in both detection modes. In accordance to the results
presented in chapter 4.3.1 the reduction is more pronounced in PEY mode than in TEY
mode and is strongly influenced by the time the sample is irradiated by the synchrotron
beam.



































Fig. A.2: Fe reduction in SrTiO3 thin films grown at different laser energies. The low
laser energy films reveal a Fe3+ configuration for all detection modes, while a significant
reduction is observed for laser energy ≥ 30mJ.
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A.3 Backside approach for the preparation of photon
transparent samples
In the main part of this thesis photon transparent samples are realized via a detachment
of the MIM structure from the substrate by dissolution of a sacrifical layer. A completely
different approach is based on removal of the substrate from the backside [154]. On an
SrTiO3 substrate a layer stack with 15 nm SrRuO3, 20 nm Fe:SrTiO3 and 8 nm Pt is
deposited. With an ultrasonic cutter 3mm discs of the sample are cut. In the next
step the substrate is polished from the back to a thickness of roughly 200µm. With
a dimple grinder the middle of the sample is further thinned to roughly 20 µm 40 µm,
while the border of the 3mm disc stays thick enough to ensure mechanical stability. In
a last step a single drop of an etching solution (HF (50 vol.%)/HNO3 (67 vol.%)/H2O
with a ratio of 1:1:1 [155]) is put in the depression on the back of the sample. This
etching solution is known to selectively etch SrTiO3 without affecting SrRuO3 which
thus acts as etching stop. After the etching procedure the sample should show a window
in the middle, which is only composed of the MIM stack and can be used for TXM
analysis.
First tests of this sample preparation route gave promising results. We succeeded in
the preparation of a suited depression by dimpling and etching with single drops of HF
was possible, although preferred etching along specific crystal axes was observed. The
most problematic aspect of this technique is the stability of the etch stop. As HF will
immediately etch the active Fe:SrTiO3 layer even a small crack in the SrRuO3 will destroy
the film. Possible improvements included a thicker SrRuO3 layer and a shorter etching












Fig. A.3: (a) Layer stack used for etching from the backside of the substrate (b) The
thickness of the SrTiO3 substrate is reduce by polishing and dimpling. Finally HF etching
of the SrTiO3 substrate is performed with SrRuO3 as etching stop (c) After etching a
photon transparent window only composed of the MIM stack is created within a stable
substrate frame. (Procedure adapted from [154])
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A.4 O K-edge of ON pad on 20 film
For the ON pad an additional feature is also observed in the O K-edge measurements.
At a photon energy of Eph = 530.8 eV an elongated region close to - but not at the
same - position of the Ti3+ filament is visible. Extracting the spectrum from this region
reveals a significantly increased peak width of the first peak. The Sr 3d spectra reveal
a decreased intensity at the region of this extra feature. However, due to the elongated
form of this feature we speculated that it might be due to a small scratch in the top




















Fig. A.4: (a) Microscopy image showing additional feature at the O K-edge. (b) O K-edge
spectra for scratch region compared to reference.
A.5 Secondary electron contrast on 10nm films
In Fig.A.5 the variation of the secondary electron contrast for different energies is dis-
played for the pads switched with 10mA and 50mA. For both samples, the modified
region due to the switching shows a considerably shifted work function spectrum, which
suggests an local increase of the work function in the range of several 100meV. (The
absolute values of the energy scale cannot be compared directly as they are not constant
during the beamtime.) On the pad which has been switched with 10mA an additional
contrast is observed, which is especially pronounced at E − EF = 3.6 eV. However, as
illustrated in Fig.A.6 this contrast with round features is independent from the pad
structure as it extends into the neighboring marker structure and is therefore not con-
nected to the switching process.
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Fig. A.5: Work function contrast for 10 nm SrTiO3 film formed with 10mA (upper part)










A.6 AFM image of 40nm SrTiO3 film after electrode
delamination
In Fig.A.7 the AFM scan of the former electrode area after delamination of the top elec-
trode is presented for the 40nm film. Features with a height of up to 50 nm have been
observed and are found at the same position as the dark spots in the PEEM image in
Fig. 6.21 (b). High resolution scans of the features show a distinct sub-structure, which
is typical for growth defects, but not expected for dirt. Additional small defects are below




Fig. A.7: AFM image of the switched pad of the 40 nm film. Growth defects are observed
at the position of the dark spots in the PEEM image in Fig. 6.21 (b)
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A.7 XPS measurements on Fe Targets
In Fig.A.8 the Ti 2p spectrum of targets with different Fe-concentration after irradi-
ation with the UV-laser is shown. All targets have been ablated at rather high laser
fluence (Ti-rich film) for 100 s at 5Hz. Additional low binding energy contribution is
visible for all targets, which corresponds to lower Ti valence states. The effect is most
pronounced for the undoped SrTiO3 target, while in the 10% Fe:SrTiO3 target presum-
ably the reduction is mainly compensated by reduction of Fe ions. On the right side
the result of fitting shows the added contribution of all lower Ti states (at least two
contributions).
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Fig. A.8: Ti 2p level for ablation spot of targets with different Fe concentration. Upon
irradiation with the laser the target lower Ti valence states appear, which are most pro-
nounced for undoped films. On the right sight the contribution of all lower valence states




AEY . . . . . . . . . Auger electron yield
(LC-)AFM . . . (Local conductivity-) atomic force microscopy
DFT . . . . . . . . . Density functional theory
DOS . . . . . . . . . Density of states
EDX . . . . . . . . . Energy dispersive X-ray spectroscopy
EELS . . . . . . . . Electron energy loss spectroscopy
FIB . . . . . . . . . . Focused ion beam
FWHM . . . . . . Full width half maximum
HAXPES . . . . Hard X-ray photoelectron spectroscopy
MIM . . . . . . . . . Metal-insulator-metal
PEEM . . . . . . . Photoemission electron microscopy
PEY . . . . . . . . . Partial electron yield
PLD . . . . . . . . . Pulsed laser deposition
ReRAM . . . . . . Resistive random access memory
RESPES . . . . . Resonant photoelectron spectroscopy
RHEED . . . . . . Reflection high energy electron diffraction
RP phase . . . . Ruddlesden-Popper phase
RSF . . . . . . . . . . Relative sensitivity factors
SEM . . . . . . . . . Scanning electron microscopy
TEM . . . . . . . . . Transmission electron microscopy
TEY . . . . . . . . . Total electron yield
TXM . . . . . . . . Transmission X-ray microscopy
UHV . . . . . . . . . Ultra-high vacuum
VBM . . . . . . . . Valence band maximum
VCM . . . . . . . . . Valence change mechanism
XAS . . . . . . . . . X-ray absorption spectroscopy




[1] R. Waser, R. Dittmann, G. Staikov, and K. Szot, Redox-based resistive switching
memories - nanoionic mechanisms, prospects, and challenges, Advanced Materials
21, 2632 (2009).
[2] A. Sawa, Resistive switching in transition metal oxides, Materials Today 11, 28
(2008).
[3] R. Waser, Nanoelectronics and information technology advanced electronic mate-
rials and novel devices, Wiley-VCH, Weinheim, 2012.
[4] The International Technology Roadmap for Semiconductors, 2011,
http://www.itrs.net.
[5] R. Waser and M. Aono, Nanoionics-based resistive switching memories, Nature
Materials 6, 833 (2007).
[6] K. Szot, W. Speier, G. Bihlmayer, and R. Waser, Switching the electrical re-
sistance of individual dislocations in single-crystalline SrTiO3, Nat Mater 5, 312
(2006).
[7] C. Hermes, M. Wimmer, S. Menzel, K. Fleck, G. Bruns, M. Salinga, U. Böttger,
R. Bruchhaus, T. Schmitz-Kempen, M. Wuttig, and R. Waser, Analysis of tran-
sient currents during ultrafast switching of nanocrossbar devices, IEEE Electron
Device Letters 32, 1116 (2011).
[8] A. Beck, J. G. Bednorz, C. Gerber, C. Rossel, and D. Widmer, Reproducible
switching effect in thin oxide films for memory applications, Applied Physics Let-
ters 77, 139 (2000).
[9] C. Kügeler, M. Meier, R. Rosezin, S. Gilles, and R. Waser, High density 3D




[10] S. Stille, C. Lenser, R. Dittmann, A. Koehl, I. Krug, R. Muenstermann,
J. Perlich, C. M. Schneider, U. Klemradt, and R. Waser, Detection of filament
formation in forming-free resistive switching SrTiO3 devices with Ti top electrodes,
Applied Physics Letters 100, 223503 (2012).
[11] C. Lenser, Investigation of resistive switching in Fe-doped SrTiO3 by advanced
spectroscopy, PhD thesis, RWTH Aachen, 2012.
[12] Z. Wei, Y. Kanzawa, K. Arita, Y. Katoh, K. Kawai, S. Muraoka, S. Mitani,
S. Fujii, K. Katayama, M. Iijima, et al., Highly reliable TaOx ReRAM and direct
evidence of redox reaction mechanism, in Electron Devices Meeting, 2008. IEDM
2008. IEEE International, p. 14, 2009.
[13] J. P. Strachan, J. J. Yang, R. Münstermann, A. Scholl, G. Medeiros-Ribeiro,
D. R. Stewart, and R. S. Williams, Structural and chemical characterization
of TiO2 memristive devices by spatially-resolved NEXAFS, Nanotechnology 20,
485701 (2009).
[14] J. P. Strachan, G. Medeiros-Ribeiro, J. J. Yang, M.-X. Zhang, F. Miao, I. Gold-
farb, M. Holt, V. Rose, and R. S. Williams, Spectromicroscopy of tantalum oxide
memristors, Applied Physics Letters 98, 242114 (2011).
[15] M. Janousch, G. I. Meijer, U. Staub, B. Delley, S. F. Karg, and B. P.
Andreasson, Role of oxygen vacancies in Cr-doped SrTiO3 for resistance-change
memory, Advanced Materials 19, 2232 (2007).
[16] C. Lenser, A. Kuzmin, J. Purans, A. Kalinko, R. Waser, and R. Dittmann,
Probing the oxygen vacancy distribution in resistive switching Fe-SrTiO3 metal-
insulator-metal-structures by micro-x ray absorption near-edge structure, Journal
of Applied Physics 111, 076101 (2012).
[17] R. Dittmann, R. Muenstermann, I. Krug, D. Park, T. Menke, J. Mayer,
A. Besmehn, F. Kronast, C. Schneider, and R. Waser, Scaling potential of local
redox processes in memristive SrTiO3 thin-film devices, Proceedings of the IEEE
100, 1979 (2012).
[18] R. Merkle and J. Maier, How is oxygen incorporated into oxides? A comprehensive
150
Bibliography
kinetic study of a simple solid-state reaction with SrTiO3 as a model material,
Angewandte Chemie International Edition 47, 3874 (2008).
[19] B. P. Andreasson, M. Janousch, U. Staub, G. I. Meijer, and E. Pomjakushina,
Detecting oxygen vacancies in SrTiO3 by 3d transition-metal tracer ions, Physical
Review B 80 (2009).
[20] CrysTec GmbH, Datasheet for SrTiO3, www.crystec.de/daten/srtio3.pdf.
[21] F. M. F. de Groot, J. Faber, J. J. M. Michiels, M. T. Czy»yk, M. Abbate,
and J. C. Fuggle, Oxygen 1s x-ray absorption of tetravalent titanium oxides: A
comparison with single-particle calculations, Physical Review B 48, 2074 (1993).
[22] K. van Benthem, R. French, W. Sigle, C. Elsässer, and M. Rühle, Valence
electron energy loss study of Fe-doped SrTiO3 and a σ13 boundary: electronic
structure and dispersion forces, Ultramicroscopy 86, 303 (2001).
[23] X. Guo, X. Chen, Y. Sun, L. Sun, X. Zhou, and W. Lu, Electronic band
structure of Nb doped SrTiO3 from first principles calculation, Physics Letters A
317, 501 (2003).
[24] A. Rothschild, W. Menesklou, H. L. Tuller, and E. Ivers-Tiffée, Electronic struc-
ture, defect chemistry, and transport properties of SrTi1−xFexO3−y solid solutions,
Chemistry of Materials 18, 3651 (2006).
[25] T. Tanaka, K. Matsunaga, Y. Ikuhara, and T. Yamamoto, First-principles study
on structures and energetics of intrinsic vacancies in SrTiO3, Physical Review B
68, 205213 (2003).
[26] F. A. Kröger, The Chemistry of Imperfect Crystals, North-Holland, 1st edition
edition, 1974.
[27] T. Menke, Investigation of the electroforming and resistive switching mechanisms
in fe-doped SrTiO3 thin films, PhD thesis, RWTH Aachen, 2009.
[28] Personal communication K.Szot.
[29] M. Vra£ar, A. Kuzmin, R. Merkle, J. Purans, E. Kotomin, J. Maier, and
O. Mathon, Jahn-teller distortion around Fe4+ in SrFexTi1−xO3−δ from x-ray ab-
sorption spectroscopy, x-ray diffraction, and vibrational spectroscopy, Physical Re-
view B 76, 174107 (2007).
151
Bibliography
[30] R. L. Berney and D. L. Cowan, Photochromism of three photosensitive Fe centers
in SrTiO3, Physical Review B 23, 37 (1981).
[31] T. Menke, P. Meuffels, R. Dittmann, K. Szot, and R. Waser, Separation of
bulk and interface contributions to electroforming and resistive switching behavior
of epitaxial Fe-doped SrTiO3, Journal of Applied Physics 105, 066104 (2009).
[32] M. D. Pickett and R. Stanley Williams, Sub-100 fJ and sub-nanosecond thermally
driven threshold switching in niobium oxide crosspoint nanodevices, Nanotechnol-
ogy 23, 215202 (2012).
[33] J. J. Yang, M. D. Pickett, X. Li, D. A. A. Ohlberg, D. R. Stewart, and
R. S. Williams, Memristive switching mechanism for metal/oxide/metal nanode-
vices, Nature Nanotechnology 3, 429 (2008).
[34] S. Menzel, M. Waters, A. Marchewka, U. Böttger, R. Dittmann, and R. Waser,
Origin of the ultra-nonlinear switching kinetics in oxide-based resistive switches,
Advanced Functional Materials 21, 44874492 (2011).
[35] R. Muenstermann, Spatially resolved analysis of resistive switching in transition
metal oxide thin films, PhD thesis, Aachen, 2010.
[36] R. Muenstermann, T. Menke, R. Dittmann, and R. Waser, Coexistence of fila-
mentary and homogeneous resistive switching in Fe-doped SrTiO3 thin-film mem-
ristive devices, Advanced Materials 22, 4819 (2010).
[37] S. Menzel, B. Klopstra, C. Kügeler, U. Böttger, G. Staikov, and R. Waser,
A simulation model of resistive switching in electrochemical metallization memory
cells (ECM), MRS Online Proceedings Library 1160 (2009).
[38] J. Stöhr and H. C. Siegmann, Magnetism: From fundamentals to nanoscale
dynamics, Springer, 2006.
[39] J. Stöhr, NEXAFS spectroscopy, Springer, 1992.
[40] F. d. Groot and A. Kotani, Core Level Spectroscopy of Solids, CRC Press, 2008.
[41] Z. Zhang, W. Sigle, and M. Rühle, Atomic and electronic characterization of the
a[100] dislocation core in SrTiO3, Physical Review B 66, 094108 (2002).
[42] F. M. F. de Groot, J. C. Fuggle, B. T. Thole, and G. A. Sawatzky, L2,3 x-ray-
152
Bibliography
absorption edges of d0 compounds: K+, Ca2+, Sc3+, and Ti4+ in Oh (octahedral)
symmetry, Physical Review B 41, 928 (1990).
[43] F. M. F. de Groot, J. C. Fuggle, B. T. Thole, and G. A. Sawatzky, 2p x-
ray absorption of 3d transition-metal compounds: An atomic multiplet description
including the crystal field, Physical Review B 42, 5459 (1990).
[44] G. v. d. Laan and I. W. Kirkman, The 2p absorption spectra of 3d transition metal
compounds in tetrahedral and octahedral symmetry, Journal of Physics: Condensed
Matter 4, 4189 (1992).
[45] F. d. de Groot, Multiplet effects in x-ray spectroscopy, Coordination Chemistry
Reviews 249, 31 (2005).
[46] P. Krüger, Multichannel multiple scattering calculation of L2,3-edge spectra of TiO2
and SrTiO3: Importance of multiplet coupling and band structure, Physical Review
B 81, 125121 (2010).
[47] R. Laskowski and P. Blaha, Understanding the L2,3 x-ray absorption spectra of
early 3d transition elements, Physical Review B 82, 205104 (2010).
[48] O. Bun u and Y. Joly, Time-dependent density functional theory applied to x-ray
absorption spectroscopy, Physical Review B 85, 155121 (2012).
[49] H. Ikeno, T. Mizoguchi, and I. Tanaka, Ab initio charge transfer multiplet cal-
culations on the L2,3 XANES and ELNES of 3d transition metal oxides, Physical
Review B 83, 155107 (2011).
[50] M. Abbate, F. M. F. de Groot, J. C. Fuggle, A. Fujimori, Y. Tokura, Y. Fu-
jishima, O. Strebel, M. Domke, G. Kaindl, J. van Elp, B. T. Thole, G. A.
Sawatzky, M. Sacchi, and N. Tsuda, Soft-x-ray-absorption studies of the location
of extra charges induced by substitution in controlled-valence materials, Physical
Review B 44, 5419 (1991).
[51] E. Stoyanov, F. Langenhorst, and G. Steinle-Neumann, The effect of valence
state and site geometry on Ti L3,2 and O K electron energy-loss spectra of TixOy
phases, American Mineralogist 92, 577 (2007).
[52] F. M. F. d. Groot, M. O. Figueiredo, M. J. Basto, M. Abbate, H. Petersen, and
J. C. Fuggle, 2p x-ray absorption of titanium in minerals, Physics and Chemistry
153
Bibliography
of Minerals 19, 140 (1992).
[53] A. S. Sefat, G. Amow, M.-Y. Wu, G. A. Botton, and J. Greedan, High-
resolution EELS study of the vacancy-doped metal/insulator system, Nd1−xTiO3,
x=0 to 0.33., Journal of Solid State Chemistry 178, 1008 (2005).
[54] M. Abbate, F. M. F. de Groot, J. C. Fuggle, A. Fujimori, O. Strebel, F. Lopez,
M. Domke, G. Kaindl, G. A. Sawatzky, M. Takano, Y. Takeda, H. Eisaki,
and S. Uchida, Controlled-valence properties of La1−xSrxFeO3 and La1−xSrxMnO3
studied by soft-x-ray absorption spectroscopy, Physical Review B 46, 4511 (1992).
[55] G.-z. Zhu, G. Radtke, and G. A. Botton, Bonding and structure of a reconstructed
(001) surface of SrTiO3 from TEM, Nature 490, 384 (2012).
[56] P. S. Miedema and F. M. de Groot, The iron L edges: Fe 2p x-ray absorption and
electron energy loss spectroscopy, Journal of Electron Spectroscopy and Related
Phenomena 187, 32 (2013).
[57] J. P. Crocombette, M. Pollak, F. Jollet, N. Thromat, and M. Gautier-Soyer,
X-ray-absorption spectroscopy at the Fe L2,3 threshold in iron oxides, Physical
Review B 52, 3143 (1995).
[58] G. Radtke, S. Lazar, and G. Botton, High-resolution EELS investigation of the
electronic structure of ilmenites, Physical Review B 74, 155117 (2006).
[59] T. Riedl, T. Gemming, T. Weissbach, G. Seifert, E. Gutmann, M. Zschor-
nak, D. Meyer, and S. Gemming, ELNES study of chemical solution deposited
RuddlesdenPopper films: Experiment and simulation, Ultramicroscopy 110, 26
(2009).
[60] K. van Benthem, C. Elsässer, and M. Rühle, Core-hole effects on the ELNES of
absorption edges in SrTiO3, Ultramicroscopy 96, 509 (2003).
[61] G. Duscher, R. Buczko, S. Pennycook, and S. Pantelides, Core-hole effects on
energy-loss near-edge structure, Ultramicroscopy 86, 355 (2001).
[62] F. M. F. de Groot, M. Grioni, J. C. Fuggle, J. Ghijsen, G. A. Sawatzky, and
H. Petersen, Oxygen 1s x-ray-absorption edges of transition-metal oxides, Physical
Review B 40, 5715 (1989).
154
Bibliography
[63] Rijnders, Augustinus Josephus Helena Maria, The initial growth of complex oxides:
study and manipulation, PhD thesis, University of Twente, 2001.
[64] S. Wicklein, Defect engineering of SrTiO3 thin films for resistive switching appli-
cations, Ph, Universität Kiel, 2013.
[65] C. Xu, S. Wicklein, A. Sambri, S. Amoruso, M. Moors, and R. Dittmann,
Impact of the interplay between nonstoichiometry and kinetic energy of the plume
species on the growth mode of SrTiO3 thin films, Journal of Physics D: Applied
Physics 47, 034009 (2014).
[66] A. Herpers, Electrical characterization of manganite and titanate heterostructures,
PhD thesis, RWTH Aachen, 2014.
[67] S. Hüfner, Photoelectron spectroscopy: principle and applications, Springer, Berlin,
1995.
[68] J. F. Moulder, W. F. Stickle, and P. E. Sobol, Handbook of X-ray Photoelectron
Spectroscopy, Perkin-Elmer, Physical Electronics Division, 1992.
[69] R. Nyholm, J. N. Andersen, U. Johansson, B. N. Jensen, and I. Lindau, Beamline
I311 at MAX-LAB: a VUV/soft X-ray undulator beamline for high resolution elec-
tron spectroscopy, Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 467468,
Part 1, 520 (2001).
[70] G. Panaccione, I. Vobornik, J. Fujii, D. Krizmancic, E. Annese, L. Giovanelli,
F. Maccherozzi, F. Salvador, A. D. Luisa, D. Benedetti, A. Gruden, P. Bertoch,
F. Polack, D. Cocco, G. Sostero, B. Diviacco, M. Hochstrasser, U. Maier,
D. Pescia, C. H. Back, T. Greber, J. Osterwalder, M. Galaktionov, M. Sancrotti,
and G. Rossi, Advanced photoelectric effect experiment beamline at Elettra: A
surface science laboratory coupled with synchrotron radiation, Review of Scientific
Instruments 80, 043105 (2009).
[71] R. Meier, Adsorption von Sauerstoff auf Lanthanidmetallen, PhD thesis, Freie
Universität Berlin, 1999.
[72] Y. Ishida, R. Eguchi, M. Matsunami, K. Horiba, M. Taguchi, A. Chainani,
Y. Senba, H. Ohashi, H. Ohta, and S. Shin, Coherent and incoherent excitations
155
Bibliography
of electron-doped SrTiO3, Physical Review Letters 100, 056401 (2008).
[73] P. Guttmann, C. Bittencourt, S. Rehbein, P. Umek, X. Ke, G. Van Tendeloo,
C. P. Ewels, and G. Schneider, Nanoscale spectroscopy with polarized X-rays by
NEXAFS-TXM, Nature Photonics 6, 25 (2012).
[74] J. P. Strachan, M. D. Pickett, J. J. Yang, S. Aloni, A. L. David Kilcoyne,
G. Medeiros-Ribeiro, and R. Stanley Williams, Direct identification of the con-
ducting channels in a functioning memristive device, Advanced Materials 22,
35733577 (2010).
[75] H. Wasmund, Untersuchung resistiv schaltender Bauelemente mittels
Transmissions-röntgenmikroskopie, Diploma thesis, RWTH Aachen, Aachen,
2013.
[76] J. Stohr and S. Anders, X-ray spectro-microscopy of complex materials and sur-
faces, IBM Journal of Research and Development 44, 535551 (2000).
[77] C. M. Schneider and G. Schönhense, Investigating surface magnetism by means
of photoexcitation electron emission microscopy, Reports on Progress in Physics
65, 1785 (2002).
[78] M. Escher, N. Weber, M. Merkel, C. Ziethen, P. Bernhard, G. Schönhense,
S. Schmidt, F. Forster, F. Reinert, B. Krömker, et al., NanoESCA: a novel
energy filter for imaging x-ray photoemission spectroscopy, Journal of Physics:
Condensed Matter 17, S1329 (2005).
[79] O. Renault, N. Barrett, A. Bailly, L. F. Zagonel, D. Mariolle, J. C. Cezar, N. B.
Brookes, K. Winkler, B. Krömker, and D. Funnemann, Energy-filtered XPEEM
with NanoESCA using synchrotron and laboratory X-ray sources: Principles and
first demonstrated results, Surface Science 601, 47274732 (2007).
[80] O. Renault, R. Brochier, P.-H. Haumesser, N. Barrett, B. Krömker, and
D. Funnemann, Energy-filtered PEEM imaging of polycrystalline Cu surfaces with
work function contrast and high lateral resolution, e-Journal of Surface Science
and Nanotechnology 4, 431 (2006).
[81] B. H. Frazer, B. Gilbert, B. R. Sonderegger, and G. De Stasio, The probing depth
of total electron yield in the sub-keV range: TEY-XAS and X-PEEM, Surface
156
Bibliography
Science 537, 161 (2003).
[82] C. Wiemann, M. Patt, I. P. Krug, N. B. Weber, M. Escher, M. Merkel,
and C. M. Schneider, A new nanospectroscopy tool with synchrotron radiation:
NanoESCA@Elettra, e-Journal of Surface Science and Nanotechnology 9, 395
(2011).
[83] Y. Wang, R. Song, Y. Li, and J. Shen, Understanding tapping-mode atomic force
microscopy data on the surface of soft block copolymers, Surface Science 530, 136
(2003).
[84] E. Breckenfeld, R. Wilson, J. Karthik, A. R. Damodaran, D. G. Cahill, and
L. W. Martin, Effect of growth induced (non)stoichiometry on the structure, di-
electric response, and thermal conductivity of SrTiO3 thin films, Chemistry of
Materials (2012).
[85] T. Ohnishi, M. Lippmaa, T. Yamamoto, S. Meguro, and H. Koinuma, Improved
stoichiometry and misfit control in perovskite thin film formation at a critical flu-
ence by pulsed laser deposition, Applied Physics Letters 87, 241919 (2005).
[86] S. Wicklein, A. Sambri, S. Amoruso, X. Wang, R. Bruzzese, A. Koehl, and
R. Dittmann, Pulsed laser ablation of complex oxides: The role of congruent abla-
tion and preferential scattering for the film stoichiometry, Applied Physics Letters
101, 131601 (2012).
[87] C. Powell and A. Jablonski, NIST Electron Inelastic-Mean-Free-Path Database,
National Institute of Standards and Technology, Gaithersburg, 2010.
[88] R. Bachelet, F. Sánchez, F. J. Palomares, C. Ocal, and J. Fontcuberta, Atom-
ically flat SrO-terminated SrTiO3(001) substrate, Applied Physics Letters 95,
141915 (2009).
[89] NIST X-ray Photoelectron Spectroscopy Database, Version 4.1(National Institute
of Standards and Technology, Gaithersburg, 2012), http://srdata.nist.gov/xps.
[90] J. Stoch and J. Gablankowska-Kukucz, The effect of carbonate contaminations on
the XPS O 1s band structure in metal oxides, Surface and Interface Analysis 17,
165167 (1991).
[91] D. Kobayashi, H. Kumigashira, M. Oshima, T. Ohnishi, M. Lippmaa, K. Ono,
157
Bibliography
M. Kawasaki, and H. Koinuma, High-resolution synchrotron-radiation photoemis-
sion characterization for atomically-controlled SrTiO3(001) substrate surfaces sub-
jected to various surface treatments, Journal of Applied Physics 96, 7183 (2004).
[92] K. Szot, W. Speier, U. Breuer, R. Meyer, J. Szade, and R. Waser, Formation
of micro-crystals on the (100) surface of SrTiO3 at elevated temperatures, Surface
Science 460, 112 (2000).
[93] E. Breckenfeld, A. B. Shah, and L. W. Martin, Strain evolution in non-
stoichiometric heteroepitaxial thin-film perovskites, Journal of Materials Chemistry
C 1, 8052 (2013).
[94] A. P. Grosvenor, B. A. Kobe, M. C. Biesinger, and N. S. McIntyre, Investigation
of multiplet splitting of Fe 2p XPS spectra and bonding in iron compounds, Surface
and Interface Analysis 36, 1564 (2004).
[95] A. Koehl, D. Kajewski, J. Kubacki, C. Lenser, R. Dittmann, P. Meuffels,
K. Szot, R. Waser, and J. Szade, Detection of Fe2+ valence states in Fe doped
SrTiO3 epitaxial thin films grown by pulsed laser deposition, Physical Chemistry
Chemical Physics 15, 8311 (2013).
[96] S. Tougaard, QUASES-IMFP-TPP2M program (http://www.quases.com) based
on S. Tanuma, C.J. Powell and D.R. Penn, Calculations of electron inelastic mean
free paths. V. Data for 14 organic compounds over the 50-2000 eV range, Surf.
Interface Anal., 21, 165 (1994).
[97] S. Gota, M. Gautier-Soyer, and M. Sacchi, Fe 2p absorption in magnetic oxides:
Quantifying angular-dependent saturation effects, Physical Review B 62, 4187
(2000).
[98] N. Hollmann, M. Valldor, H. Wu, Z. Hu, N. Qureshi, T. Willers, Y.-Y. Chin,
J. C. Cezar, A. Tanaka, N. B. Brookes, and L. H. Tjeng, Orbital occupation
and magnetism of tetrahedrally coordinated iron in CaBaFe4O7, Physical Review
B 83, 180405 (2011).
[99] V. R. Galakhov, E. Z. Kurmaev, K. Kuepper, M. Neumann, J. A. McLeod,
A. Moewes, I. A. Leonidov, and V. L. Kozhevnikov, Valence band structure
and X-ray spectra of oxygen-deficient ferrites SrFeOx, The Journal of Physical
158
Bibliography
Chemistry C 114, 5154 (2010).
[100] K. Kuepper, M. Raekers, C. Taubitz, H. Hesse, M. Neumann, A. T. Young,
C. Piamonteze, F. Bondino, and K. C. Prince, Fe valence state of Sr2FeMoO6
probed by x-ray absorption spectroscopy: The sample age matters, Journal of Ap-
plied Physics 104, 036103 (2008).
[101] T. Droubay, G. Mursky, and B. Tonner, High-resolution x-ray absorption mi-
crospectroscopy of lamellar phases in natural ilmenite, Journal of Electron Spec-
troscopy and Related Phenomena 84, 159 (1997).
[102] T. Fujii, M. Yamashita, S. Fujimori, Y. Saitoh, T. Nakamura, K. Kobayashi,
and J. Takada, Large magnetic polarization of Ti4+ ions in FeTiO3, Journal of
Magnetism and Magnetic Materials 310, e555 (2007).
[103] P. A. van Aken, B. Liebscher, and V. J. Styrsa, Quantitative determination of
iron oxidation states in minerals using Fe L2,3 -edge electron energy-loss near-edge
structure spectroscopy, Physics and Chemistry of Minerals 25, 323 (1998).
[104] E. Stavitski and F. M. de Groot, The CTM4XAS program for EELS and XAS
spectral shape analysis of transition metal L edges, Micron 41, 687 (2010).
[105] N. McIntyre and D. Zetaruk, X-ray photoelectron spectroscopic studies of iron
oxides, Analytical Chemistry 49, 15211529 (1977).
[106] R. P. Gupta and S. K. Sen, Calculation of multiplet structure of core p-vacancy
levels. II, Physical Review B 12, 15 (1975).
[107] V. G. Bhide and H. C. Bhasin, Mössbauer studies of the SrTiO3: Fe57 system,
Physical Review 172, 290 (1968).
[108] V. E. Alexandrov, E. A. Kotomin, J. Maier, and R. A. Evarestov, First-principles
study of bulk and surface oxygen vacancies in SrTiO3 crystal, The European
Physical Journal B 72, 53 (2009).
[109] R. A. D. Souza and M. Martin, Using 18O/16O exchange to probe an equilibrium
space-charge layer at the surface of a crystalline oxide: method and application,
Physical Chemistry Chemical Physics 10, 2356 (2008).
[110] S. Thiess, T.-L. Lee, F. Bottin, and J. Zegenhagen, Valence band photoelectron
159
Bibliography
emission of SrTiO3 analyzed with x-ray standing waves, Solid State Communica-
tions 150, 553 (2010).
[111] R. J. Lad and V. E. Henrich, Photoemission study of the valence-band electronic
structure in FexO, Fe3O4, and α-Fe2O3 single crystals, Physical Review B 39,
13478 (1989).
[112] J. Szade, K. Szot, M. Kulpa, J. Kubacki, C. Lenser, R. Dittmann, and R. Waser,
Electronic structure of epitaxial Fe-doped SrTiO3 thin films, Phase Transitions 84,
489 (2011).
[113] A. Rothschild, S. J. Litzelman, H. L. Tuller, W. Menesklou, T. Schneider,
and E. Ivers-Tiffée, Temperature-independent resistive oxygen sensors based on
SrTi1−xFexO3−δ solid solutions, Sensors and Actuators B: Chemical 108, 223
(2005).
[114] F. Michel-Calendini and K. Müller, Interpretation of charge transfer bands in Fe
doped SrTiO3 crystals, Solid State Communications 40, 255 (1981).
[115] S. Schmelzer, Ultra thin oxide films for dielectric and resistive memory applica-
tions, PhD thesis, RWTH Aachen, Aachen, 2013.
[116] S. Amelinckx, Handbook of Microscopy: Applications, VCH, 1997.
[117] M. Sreemany and S. Sen, Effect of substrate temperature and annealing tempera-
ture on the structural, electrical and microstructural properties of thin Pt films by
rf magnetron sputtering, Applied Surface Science 253, 2739 (2006).
[118] J.-S. Lee, Y. W. Xie, H. K. Sato, C. Bell, Y. Hikita, H. Y. Hwang, and
C.-C. Kao, Titanium dxy ferromagnetism at the LaAlO3/SrTiO3 interface, Nature
Materials 12, 703 (2013).
[119] A. Ohtomo, D. A. Muller, J. L. Grazul, and H. Y. Hwang, Artificial charge-
modulationin atomic-scale perovskite titanate superlattices, Nature 419, 378
(2002).
[120] J. P. Strachan, D. B. Strukov, J. Borghetti, J. Joshua Yang, G. Medeiros-
Ribeiro, and R. Stanley Williams, The switching location of a bipolar memristor:
chemical, thermal and structural mapping, Nanotechnology 22, 254015 (2011).
160
Bibliography
[121] L. Pellegrino, M. Biasotti, E. Bellingeri, C. Bernini, A. S. Siri, and D. Marré,
All-oxide crystalline microelectromechanical systems: Bending the functionalities
of transition-metal oxide thin films, Advanced Materials 21, 2377 (2009).
[122] T. Riedl, La0.7Sr0.3MnO3-Dünnschichten auf SrTiO3(001)-substrat: Struktur und
mn-wertigkeit, PhD thesis, Technische Universität Dresden, 2007.
[123] O. Kim, Optimierung des PLD-Wachstumsprozesses von Manganat-
Dünnschichten für ReRAM-Anwendungen, Bachelor thesis, Rheinisch-Westfälische
Technische Hochschule Aachen, 2011.
[124] CrysTec GmbH, Datasheet for NdGaO3, http://www.crystec.de/daten/ndgao3.pdf.
[125] D. Weber, R. V®fély, Y. Chen, Y. Mourzina, and U. Poppe, Variable resistor
made by repeated steps of epitaxial deposition and lithographic structuring of oxide
layers by using wet chemical etchants, Thin Solid Films 533, 43 (2013).
[126] X. D. Wu, S. R. Foltyn, R. C. Dye, Y. Coulter, and R. E. Muenchausen,
Properties of epitaxial SrRuO3 thin films, Applied Physics Letters 62, 2434 (1993).
[127] A. Koehl, H. Wasmund, A. Herpers, P. Guttmann, S. Werner, K. Henzler,
H. Du, J. Mayer, R. Waser, and R. Dittmann, Evidence for multifilamentary
valence changes in resistive switching SrTiO3 devices detected by transmission X-
ray microscopy, APL Materials 1, 042102 (2013).
[128] C. Lenser, Z. Connell, A. Kovács, R. Dunin-Borkowski, A. Köhl, R. Waser, and
R. Dittmann, Identification of screw dislocations as fast-forming sites in Fe-doped
SrTiO3, Applied Physics Letters 102, 183504 (2013).
[129] K. Szot, M. Rogala, W. Speier, Z. Klusek, A. Besmehn, and R. Waser, TiO2 -
a prototypical memristive material, Nanotechnology 22, 254001 (2011).
[130] D.-H. Kwon, K. M. Kim, J. H. Jang, J. M. Jeon, M. H. Lee, G. H. Kim, X.-S.
Li, G.-S. Park, B. Lee, S. Han, M. Kim, and C. S. Hwang, Atomic structure of
conducting nanofilaments in TiO2 resistive switching memory, Nat Nano 5, 148
(2010).
[131] S. O. Kucheyev, T. van Buuren, T. F. Baumann, J. H. Satcher, T. M. Willey,
R. W. Meulenberg, T. E. Felter, J. F. Poco, S. A. Gammon, and L. J. Terminello,
161
Bibliography
Electronic structure of titania aerogels from soft x-ray absorption spectroscopy,
Physical Review B 69, 245102 (2004).
[132] S. Ootsuki, H. Ikeno, Y. Umeda, H. Moriwake, A. Kuwabara, O. Kido,
S. Ueda, I. Tanaka, Y. Fujikawa, and T. Mizoguchi, Ab-initio multiplet calculation
of oxygen vacancy effect on Ti-L2,3 electron energy loss near edge structures of
BaTiO3, Applied Physics Letters 99, 233109 (2011).
[133] H.-S. Lee, T. Mizoguchi, T. Yamamoto, S.-J. L. Kang, and Y. Ikuhara, First-
principles calculation of defect energetics in cubic-BaTiO3 and a comparison with
SrTiO3, Acta Materialia 55, 6535 (2007).
[134] E. O. Filatova, A. A. Sokolov, Y. V. Egorova, A. S. Konashuk, O. Y. Vilkov,
M. Gorgoi, and A. A. Pavlychev, X-ray spectroscopic study of SrTiOx films with
different interlayers, Journal of Applied Physics 113, 224301 (2013).
[135] K. Dong-Wook, G. Minji, L. Eunsongyi, S. Ahrum, and M. B. El, Doping-
level dependences of switching speeds and the retention characteristics of resistive
switching Pt/SrTiO3 junctions, Journal of the Korean Physical Society 57, 1432
(2010).
[136] M. Wojtyniak, K. Szot, R. Wrzalik, C. Rodenbücher, G. Roth, and R. Waser,
Electro-degradation and resistive switching of Fe-doped SrTiO3 single crystal, Jour-
nal of Applied Physics 113, 083713 (2013).
[137] R. Vasquez, X-ray photoelectron spectroscopy study of Sr and Ba compounds, Jour-
nal of Electron Spectroscopy and Related Phenomena 56, 217 (1991).
[138] P. van der Heide, Photoelectron binding energy shifts observed during oxidation of
group IIA, IIIA and IVA elemental surfaces, Journal of Electron Spectroscopy and
Related Phenomena 151, 79 (2006).
[139] I. Slipukhina and M. Lezaic, First principles investigation of Sr-rich phase in
SrTiO3, in SFB 917 All Hands Meeting, 2013.
[140] T. Mizoguchi, Y. Sato, J. P. Buban, K. Matsunaga, T. Yamamoto, and
Y. Ikuhara, Sr vacancy segregation by heat treatment at SrTiO3 grain boundary,
Applied Physics Letters 87, 241920 (2005).
[141] B. Rahmati, J. Fleig, W. Sigle, E. Bischoff, J. Maier, and M. Rühle, Oxidation
162
Bibliography
of reduced polycrystalline Nb-doped SrTiO3: characterization of surface islands,
Surface Science 595, 115 (2005).
[142] D. Fuchs, M. Adam, P. Schweiss, S. Gerhold, S. Schuppler, R. Schneider,
and B. Obst, Structural properties of slightly off-stoichiometric homoepitaxial
SrTixO3−δ thin films, Journal of Applied Physics 88, 1844 (2000).
[143] S. N. Ruddlesden and P. Popper, New compounds of the K2NiF4 type, Acta
Crystallographica 10, 538539 (1957).
[144] T. Suzuki and M. Fujimoto, First-principles structural stability study of
nonstoichiometry-related planar defects in SrTiO3 and BaTiO3, Journal of Ap-
plied Physics 89, 5622 (2001).
[145] T. Suzuki, Y. Nishi, and M. Fujimoto, Defect structure in homoepitaxial non-
stoichiometric strontium titanate thin films, Philosophical Magazine A 80, 621
(2000).
[146] K. M. Kim and C. S. Hwang, The conical shape filament growth model in unipolar
resistance switching of TiO2 thin film, Applied Physics Letters 94, 122109 (2009).
[147] D. Freedman, D. Roundy, and T. Arias, Elastic effects of vacancies in strontium
titanate: Short- and long-range strain fields, elastic dipole tensors, and chemical
strain, Physical Review B 80 (2009).
[148] R. Moos and K. H. Hardtl, Defect chemistry of donor-doped and undoped strontium
titanate ceramics between 1000◦ and 1400◦C, Journal of the American Ceramic
Society 80, 25492562 (1997).
[149] K. Gömann, G. Borchardt, M. Schulz, A. Gömann, W. Maus-Friedrichs,
B. Lesage, O. Kaïtasov, S. Hoffmann-Eifert, and T. Schneller, Sr diffusion in
undoped and la-doped SrTiO3 single crystals under oxidizing conditions, Physical
Chemistry Chemical Physics 7, 2053 (2005).
[150] D. J. Keeble, S. Wicklein, L. Jin, C. L. Jia, W. Egger, and R. Dittmann, Non-
stoichiometry accommodation in SrTiO3 thin films studied by positron annihilation
and electron microscopy, Physical Review B 87, 195409 (2013).




[152] C. Wiemann, M. Patt, S. Cramm, M. Escher, M. Merkel, A. Gloskovskii,
S. Thiess, W. Drube, and C. M. Schneider, Probing buried layers by photoelectron
spectromicroscopy with hard x-ray excitation, Applied Physics Letters 100, 223106
(2012).
[153] C. a. F. Vaz, C. Moutafis, C. Quitmann, and J. Raabe, Luminescence-based
magnetic imaging with scanning x-ray transmission microscopy, Applied Physics
Letters 101, 083114 (2012).
[154] M. Bornhöfft, TEM-Analyse eines lokal laserinduzierten Phasenübergangs zur Bes-
timmung der Kristallisationskinetik in Phasenwechselmaterialien, Master's thesis,
RWTH Aachen, 2012.
[155] C. Deneke, E. Wild, K. Boldyreva, S. Baunack, P. Cendula, I. Mönch, M. Si-
mon, A. Malachias, K. Dörr, and O. Schmidt, Rolled-up tubes and cantilevers by




This work would not have been possible without the assistance and contributions of
many people. At this point, I would like to thank everyone who supported me during
my last years in Jülich:
First of all, I would like to thank my PhD mentor Prof. Regina Dittmann for the
supervision of this thesis. The continuing support, encouragement, discussions and
advice on many different topics during the last three years was essential for the successful
realization of this thesis.
Furthermore, I thank Prof. Joachim Mayer for agreeing to act as second reviewer for this
thesis and stimulating discussions and help in the context of the TXM project.
I thank Prof. Rainer Waser for the possibility to work in his institute and the general
support during the last years.
During my entire time at the PGI-7, I received a lot of help from different colleagues.
Thanks go to Christian Lenser for the supervision at the beginning of my work and
the numerous discussions about spectroscopy, incorporation of iron and the miracles of
resistive switching. Thanks to Sebastian Wicklein for support at the cluster-PLD and
help during installation of new parts to our cluster. Special thanks to Anja Herpers
for making me feel welcome from the first day, many scientific and off-the-topic dis-
cussions in our office and the coffee kitchen and providing me with frequent rides to
Aachen. Many thanks also go to Katharina Skaja for taking over responsibility at the
VersaProbe, many discussions on photoelectron spectroscopy and also being my backup-
driver to Aachen. Furthermore, I want to thank my Diploma student Holger Wasmund
for his valuable contribution to the TXM project. Especially, I would like to thank
Christoph Bäumer for his interest in my work, his valuable comments on this thesis
and continuing my project. Finally, I thank Felix Gunkel, Chencheng Xu, Christoph
165
Hermes, Florian Lentz, Niko Raab, Benedikt Arndt and all other present and former
colleagues in our institute for fruitful discussions and contributing to a nice atmosphere
at the institute.
For technical support with the PLD system and during installation/maintenance of the
VersaProbe and the NanoEsca I want to thank Georg Pickartz. Special thanks go to
René Borowski for deposition and structuring of top electrodes on all kinds of special and
mm-sized samples I could think of. Thanks for help with administrative issues and IT
questions to Maria Garcia, Michaela Ott and Marcel Gerst.
Most of the projects performed in this thesis have been in collaboration with colleagues
from other institutes. I would like to thank Sebastian Schmelzer for the preparation of
the sputtered films used for TXM experiments. In order to realize the extraction replica
I received help from Gudrun Nitzinger (introduction to the method and deposition of
carbon), Mirka Grates/Katharina Skaja (deposition of Cr) and Oksana Kim/Anja Her-
pers (deposition of LSMO). Moreover, I want to thank Manuel Bornhöfft for the time he
invested to show me a different approach for the sample preparation. Thanks go also to
Hongchu Du and Stefan Roitsch for performing the TEM measurements. Special thanks
to Ivetta Slipukhina and Marjana Leºaic for the input from the ab-initio calculations
and the patience to discuss the results with me.
Moreover, many thanks goes to the support of the beamline staff at different synchrotrons
I had the opportunity to work during this thesis: Katrina Schulte (MaxLab); Katja Hen-
zler, Stefan Werner, Peter Gutmann (Bessy); Piero Torelli, Benjamin Salles (Elettra).
In particular, I would like to thank Marten Patt, Carsten Wiemann and Vitaly Feyer
not only for supporting the beamtimes at the NanoEsca at Elettra but also for general
help and discussions concerning PEEM-related questions.
Finally, I would like to thank all my friends for the fun time in Aachen and helping
me to stay positive at all times (especially the Frizzly Bears - sport is the best way to
compensate all the mental work). I thank my family for their continued support during
my entire studies and the PhD time and Benjamin for his patience, encouragement,
support and simply being there whenever it is needed.
166
Schriften des Forschungszentrums Jülich  
Reihe Information  
Band / Volume 25 
Interaction between Redox-Based Resistive Switching Mechanisms 
C. R. Hermes (2012), iii, 134 pp 
ISBN: 978-3-89336-838-9 
Band / Volume 26 
Supported lipid bilayer as a biomimetic platform for neuronal cell culture 
D. Afanasenkau (2013), xiv, 132 pp 
ISBN: 978-3-89336-863-1 
Band / Volume 27 
15th European Workshop on Metalorganic Vapour Phase Epitaxy 
(EWMOVPE XV) June 2-5, 2013, Aachen, Germany 
A. Winden (Chair) (2013) 
ISBN: 978-3-89336-870-9 
 
Band / Volume 28 
Characterization, integration and reliability of HfO2 and LaLuO3  
high-κ/metal gate stacks for CMOS applications 
A. Nichau (2013), xi, 177 pp 
ISBN: 978-3-89336-898-3 
Band / Volume 29 
The role of defects at functional interfaces between polar  
and non-polar perovskite oxides 
F. Gunkel (2013), X, 162 pp 
ISBN: 978-3-89336-902-7 
Band / Volume 30 
Parallelisation potential of image segmentation in hierarchical island 
structures on hardware-accelerated platforms in real-time applications 
S. Suslov (2013), xiv, 211 pp 
ISBN: 978-3-89336-914-0 
 
Band / Volume 31 
Carrier mobility in advanced channel materials  
using alternative gate dielectrics 
E. Durğun Özben (2014), 111 pp 
ISBN: 978-3-89336-941-6 
 
Band / Volume 32 
Electrical characterization of manganite and titanate heterostructures 
A. Herpers (2014), ix, 165 pp 
ISBN: 978-3-89336-948-5 
Schriften des Forschungszentrums Jülich  
Reihe Information  
 
Band / Volume 33 
Oxygen transport in thin oxide films at high field strength 
D. Weber (2014), XII, 115 pp 
ISBN: 978-3-89336-950-8 
Band / Volume 34 
Structure, electronic properties, and interactions of defects  
in epitaxial GaN layers 
P. H. Weidlich (2014), 139 pp 
ISBN: 978-3-89336-951-5 
Band / Volume 35 
Defect Engineering of SrTiO3 thin films for resistive switching applications 
S. Wicklein (2014), xi, 144 pp 
ISBN: 978-3-89336-963-8 
Band / Volume 36 
Integration and Characterization of Atomic Layer Deposited TiO2 Thin Films 
for Resistive Switching Applications 
M. Reiners (2014), xiv, 166 pp 
ISBN: 978-3-89336-970-6 
Band / Volume 37 
Resistive switching in ZrO2 based metal-oxide-metal structures 
I. Kärkkänen (2014), xviii, 125 pp 
ISBN: 978-3-89336-971-3 
Band / Volume 38 
Resistive switching phenomena of extended defects in Nb-doped SrTiO3  
under influence of external gradients 
C. Rodenbücher (2014), xiii, 200 pp 
ISBN: 978-3-89336-980-5 
Band / Volume 39 
Micro-spectroscopic investigation of valence change processes  
in resistive switching SrTiO3 thin films 
A. Köhl (2014), viii, 166 pp 
ISBN: 978-3-89336-988-1 
 






















n Micro-spectroscopic investigation of valence change processes 
in resistive switching SrTiO3 thin films
Annemarie Köhl
Information /Information
Band/ Volume 39
ISBN 978-3-89336-988-1
In
fo
rm
at
io
n
M
ic
ro
-s
pe
ct
ro
sc
op
ic
 in
ve
st
ig
at
io
n 
of
 v
al
en
ce
 c
ha
ng
e 
pr
oc
es
se
s
An
ne
m
ar
ie
 K
öh
l
